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Mount Erebus (77°32’S, 167°10’E; elevation 

3794 meters) is the most active volcano in Ant-

arctica and is well known for its persistent lava 

lake. The lake constitutes an “open window” 

into the conduit and underlying feeding sys-

tem and offers a rare opportunity to observe a 

shallow convecting magmatic system.

Imaging and modeling of the internal 

structure of Erebus volcano are best done 

through compiling information from arrays 

of seismometers positioned strategically 

around the volcano. From these data, the 

three- dimensional (3-D) structure of the con-

duit can be pieced together. Building this 

3-D model of Erebus was a main goal of 

the seismic tomographic experiment Tomo 

Erebus (TE). During the 2007–2008 austral 

fi eld season, 23 intermediate- period seis-

mometers were installed to contribute data, 

through the winter, for the passive- source 

aspect of the experiment. One year later, 100 

three- component short- period stations were 

deployed to record 16 chemical blasts (see 

Figure 1).

These networks will help scientists update 

older 2- D models of the magmatic system 

underlying the lava lake [Dibble et al., 1994] 

with 3-D interpretations. Such studies will 

greatly assist scientists in their understand-

ing of the dimensions, position, and com-

plexity of the conduit and magmatic system. 

Further, knowledge of the physical makeup 

of the volcano’s edifi ce will help to generate 

a unifi ed model of Erebus volcano and to 

solve questions about the mechanism, loca-

tion, and generation of magma convection 

and seismic signals.

Experimental and Geological Context

Erebus volcano, located just off the Ross 

Ice Shelf on Ross Island, is a perfect, natu-

ral laboratory for seismology, with very low 

seismic noise, an absence of human distur-

bances, ease of access, and a wide range 

of seismic signals (including explosions, 

tremor, and long-  and very-long- period seis-

mic activity). Eruptive activity at Erebus has 

been monitored since 1980 with a short-

 period seismic network and since 2003 with 

broadband seismometers and associated 

instruments (e.g., infrasound and Global 

Positioning System (GPS) receivers; tilt-

meters; and video, thermal, and meteorolog-

ical sensors [see Aster et al., 2004]). Ongoing 

multi disciplinary studies of Erebus [Oppen-

heimer and Kyle, 2008] evidence the com-

plexity of the volcano’s evolution.

Students and mentors collaboratively 

worked through two examples where com-

plex interactions at smaller time and space 

scales manifest themselves in simple pat-

terns observable at larger scales, and inves-

tigated possible mechanisms through which 

self- organization may have emerged. In each 

case, they used systematic data analysis and 

synthesis, aided by parsimonious models, 

to (1) identify predictable patterns on per-

tinent scales; (2) understand the sources of 

variability, their interactions, and their prop-

agation through various hydrologic subsys-

tems; and (3) understand how the variability 

changes with increasing scale.

In the fi rst example, students ana-

lyzed interannual variability of water bal-

ance and vegetation response, expressed 

as the ratio of annual evapotranspiration 

E to plant- available water W, termed the 

“Horton index” (H = E/W), for 431 catch-

ments located around the country. Summer 

researchers found that the Horton index 

remains constant between years regard-

less of climatic variability, suggesting that 

vegetation will use a maximum climate-

 dependent fraction of plant- available water. 

They also discovered that during climatic 

drought, vegetation water use effi ciency 

converges to that of semiarid biomes, inde-

pendent of any evolutionary traits. Further, 

students demonstrated that a range of fairly 

simple models predicted the mean Horton 

index with great accuracy, without account-

ing explicitly for vegetation dynamics, but 

did poorly in explaining the interannual vari-

ability. Nonetheless, the work also showed 

that the Horton index was a predictor of 

vegetation response with surprisingly good 

accuracy. To explore this behavior, students 

looked to within- year variations of climate 

as well as hydrology and vegetation dynam-

ics (e.g., plant access to groundwater, veg-

etation phenology, dynamics of root depth 

and distribution, and stomatal response) 

and explored their effects using compara-

tive analysis of fl ux tower data, supported 

by coupled hydrologic- ecologic models of 

increasing complexity. This generated deep 

insights into climate- driven similarities and 

differences in vegetation response and sub-

sequent impact on interannual variability. 

In the second example, students in the 

summer program examined interannual vari-

ability in nutrient delivery ratio (NDR) for a 

range of watershed sizes, as moderated by 

interactions between hydrologic and bio-

geochemical processes across the climate-

 hillslope- stream network continuum. Two 

interesting patterns emerged: a “chemo-

static” behavior (i.e., linear contaminant 

load- discharge relationship) in large water-

sheds, and a consistent pattern in the rela-

tionship between NDR and discharge across 

a range of watersheds spanning 50,000 

square kilometers in the Mississippi basin. 

To elucidate this observed behavior at large 

scales, students analyzed high- resolution 

contaminant data from two experimental 

basins and developed a modeling frame-

work that conceptualizes the landscape as 

a set of dynamic, cascading, hierarchical, 

nonlinear fi lters. This approach highlights 

the relative roles of climate, hydrology, and 

biogeochemistry as well as the buffering 

role of ecosystems across a range of space 

scales. The analyses helped to recognize 

the observed patterns as “spiraling waves” 

emerging from coupled processes and the 

episodic triggering required to overcome 

associated thresholds. The spiraling waves 

represent the spatiotemporal legacy of the 

forcing functions as they cascade through 

the hierarchical fi lters.

These results showcase the power of par-

simonious models to provide satisfactory 

explanations of observed patterns, even 

in highly human- affected systems. Further-

more, the results point to an underlying 

functional homogeneity, with respect to 

landscape and organism roles, that brings 

about this apparent simplicity. Exactly how 

this happens and the possible existence 

of underlying organizing principles are 

puzzles that need to be pursued in future 

research. 

A Continuing Effort

The summer synthesis programs are 

unique experiences that allow graduate stu-

dents the opportunity to conduct multidis-

ciplinary, team- based research on broad-

 reaching topics. Though the programs are 

not typical or common experiences for 

most graduate students, those who partici-

pate have indicated that they are invalu-

able because they serve as a springboard 

for future research. Indeed, many students 

are incorporating their analyses and the 

research methodology they learned into 

their graduate work. Further, students pre-

sented their fi ndings at the 2009 AGU Fall 

Meeting in 21 poster and oral presentations; 

more than a dozen papers, coauthored with 

fellow scholars and mentors, are being writ-

ten. Summer programs will be held in 2010 

to continue this effort, and program coordi-

nators are accepting applications from out-

standing graduate students. More informa-

tion can be found at http://  hydrosynthesis 

.ccny .cuny .edu/ Home .html and http:// 

 cwaces . geog .uiuc .edu/  synthesis/ index .html. 
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These studies have revealed that the Ere-

bus stratovolcano began forming 1.3 million 

years ago as part of the larger Erebus vol-

canic province, at the south end of the Ter-

ror rift (an intraplate rift that is a major arm 

of the West Antarctic rift). Seismic studies 

suggest that the mantle beneath Erebus is 

150–200 (±100) kelvins hotter than its sur-

roundings, showing the existence of a ther-

mal anomaly under the region [Watson 

et al., 2006]. The surface expression of this 

thermal anomaly is a lava lake that is pho-

nolitic, meaning that the magma feeding 

Mount Erebus is alkaline rich, a factor indic-

ative of intraplate magmatism. 

Tomo Erebus Setup: 
Determining Seismic Array Geometry

The goals of TE are to obtain a P wave 

2- D velocity profi le for Ross Island and a 

3-D velocity model for the Erebus summit. 

The 3-D velocity model will apply the tomog-

raphy code of Toomey et al. [1994], already 

used in local active- source seismic tomog-

raphy experiments at mid- ocean ridges and 

volcanic islands [e.g., Zandomeneghi et al., 

2009]. This method, based on P wave travel 

times, exploits a shortest- time ray tracing 

and a least squares algorithm inversion. An 

advantage of the code is that it takes into 

account even steep topography, allowing sci-

entists to model seismic ray propagation and 

velocity in fi ne detail. 

Prior to fi eldwork, the code was run to test 

different code parameters and to establish 

the optimal geometry for shots and receiv-

ers such that scientists could best image the 

volcano’s structure. The synthetic tests con-

sisted of assuming different confi gurations of 

sources and receivers in a known 3-D veloc-

ity model. After calculating the travel times 

for each setting, the obtained data set was 

inverted and the fi nal velocity structure was 

compared with the known model. Good per-

formance was shown when virtual nodes 

within the model were spaced 50 meters 

apart to optimize ray tracing and 100 meters 

apart to fi ne tune velocity signatures. From 

this array of virtual nodes, different geom-

etries for stations and shots were tested. On 

the basis of this, scientists decided to deploy 

100 stations specifi cally meant to image 

the structure of Erebus in 3-D over 9 square 

kilometers, with an interstation distance of 

350–500 meters. 

Tomo Erebus Experiment 

During the 2007–2008 austral sum-

mer season, 23 intermediate- period three-

 component seismic sensors (natural fre-

quency 30 seconds to 100 hertz) were 

deployed for the passive portion of the 

experiment. These sensors recorded natu-

ral seismic activity during the 2008 win-

ter. To prepare for the harsh and isolated 

conditions of winter, seismic stations were 

specially designed by the Incorporated 

Research Institutions for Seismology (IRIS) 

Program for Array Seismic Studies of the 

Continental Lithosphere ( PASSCAL) Instru-

ment Center for Antarctic weather condi-

tions (http:// www .passcal .nmt .edu/  Polar/ 

 index .html). For each station this design 

included a 24- bit data acquisition system 

(DAS, with a sampling rate of 40 samples 

per second), a solar power controller, and 

batteries specifi cally designed for long life 

housed in insulated boxes. Each station also 

included a GPS antenna and two 65- watt 

solar panels mounted on reinforced alumi-

num frames.

The 2007–2008 fi eldwork also provided 

an opportunity to scope out where the 

active seismic experiment would take 

place during the following summer season. 

Using chemical blasts as seismic sources, 

because natural seismic activity is low 

and the Antarctic summer fi eld season 

is short, scientists tested three trial loca-

tions. Armed with these data, scientists in 

the 2008–2009 summer fi eld season split 

their work into two separate experiments 

(Figure 1): TE- 2D and TE- 3D. In TE- 2D, sci-

entists deployed 21 seismometers along a 

90- kilometer- long east- west line across Ross 

Island, using three chemical blasts to image 

the 2- D deep structure of the region. One 

shot each was positioned at both ends of 

the array, and a third shot was placed in the 

array’s middle. 

In TE- 3D, scientists arranged 79 seismom-

eters in a 3- × 3- kilometer grid centered on 

the summit crater to obtain a 3-D model 

of the conduit and of the upper few kilo-

meters beneath the lava lake. One hun-

dred short- period three- component sen-

sors (4.5 hertz) were used to collect data 

for TE-2D and  TE-3D, with a sampling rate 

of 200 samples per second. These short-

 period stations held one 10- watt solar panel 

and either a 58-  or 32- ampere- hour gel- cell 

battery. The same IRIS setup of insulated 

boxes was used, although the solar panel 

and GPS antenna were mounted directly on 

top of the boxes for the TE- 3D stations. The 

13 shots for TE-3D were azimuthally distrib-

uted to provide optimal seismic ray path 

coverage (Figure 1).

The blasts themselves were made by fi rst 

drilling holes 20 centimeters in diameter in 

snow and ice to depths of 7–15 meters. After 

being loaded with explosives, the holes were 

stemmed with snow and left at least 24 hours 

to sinter. Scientists used an ammonium 

nitrate and fuel oil mixture (ANFO) with 

pentolite boosters (a mixture of pentaerythri-

tol tetranitrate and trinitrotoluene) for blast-

ing with detonation cord and seismic deto-

nators. Shots ranged in size between 75 and 

230 kilograms for the 2007–2008 tests and 

between 75 and 600 kilograms in 2008–2009. 

Dynamite was used for a shot in McMurdo 

Sound. Shot locations were determined 

using dual- frequency GPS receivers with dif-

ferential methods.

Fig. 1. Top map and inset show Ross Island and the experiment configuration for the 2007–2008 
and 2008–2009 field seasons. Bottom image shows a close- up of the locations of instruments 
deployed on Mount Erebus’s summit.
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Although the Obama administration’s 

$3.8 trillion U.S. federal budget proposal 

for fi scal year (FY) 2011, announced on 

1 February, would push the federal defi -

cit to $1.6 trillion and include a 3- year bud-

get freeze for a number of nondefense pro-

grams, science and technology “are doing 

very well,” according to John Holdren, 

assistant to the president for science and 

technology.

While President Barack Obama announced 

in his State of the Union speech his inten-

tion to hold down costs, it “did not mean he 

was imposing a mindless across- the- board 

freeze,” Holdren said at a 2 February briefi ng. 

“In making the tough decisions embodied in 

the 2011 budget, he managed to preserve and 

expand what most needed to be preserved 

and expanded in the government’s invest-

ments in research and development, and in 

science, technology, engineering, and math 

education.”

Among the highlights in this year’s bud-

get proposal is the request for a total 

federal research and development bud-

get of $147.7 billion. While that level is 

just $343 million (0.2%) above the 2010 

enacted level, it includes a $66 billion 

investment in nondefense research and 

development, $3.7 billion (5.9%) above 

FY 2010. The budget also calls for $2 bil-

lion for defense basic research while 

reducing defense research and devel-

opment to $77.5 billion (down $3.5 bil-

lion). Another way the administration 

broke down the numbers is that the pro-

posal includes $61.6 billion for combined 

defense and nondefense investments in 

basic and applied research, an increase of 

$3.3 billion (5.6%).

NASA’s overall budget would increase 

to $19 billion (up $276 million, or 1.5%). 

The budget would provide signifi cant 

increases in funding for the agency’s 

Earth and planetary science divisions, 

and it also would extend the operation of 

the International Space Station, possibly 

until 2020 or later. However, the Constel-

lation program to return astronauts to the 

Moon would be cancelled. Holdren said 

this “is not a retreat from U.S. leadership 

in human spacefl ight.” Instead, he said, 

other measures— including the agency’s 

fostering of commercial human spacefl ight 

capabilities— would help with progress 

in that area. NASA administrator Charles 

Bolden acknowledged the diffi culty in call-

ing for an end to the Constellation program. 

“To the people who work on this program, 

this is like a death in the family,” he said. 

The National Oceanic and Atmospheric 

Administration’s (NOAA) budget would 

increase to $5.56 billion (an increase of 

$806 million, or 17%). The troubled National 

Polar- orbiting Operational Environmental 

Satellite System ( NPOESS) would be restruc-

tured, with NOAA, NASA, and the Depart-

ment of Defense dividing responsibilities 

according to the satellite orbits most rel-

evant to each agency’s mission, according 

to NOAA director Jane Lubchenco. NPOESS 

has been renamed the Joint Polar Satellite 

System.

The $7.4 billion proposed budget for the 

National Science Foundation (NSF)—an 

increase of $551 million, or 8%—would keep 

the agency on the road to having its bud-

get doubled between about 2007 and 2017, 

according to NSF director Arden Bement.

Other government entities continuing on 

that doubling path include National Insti-

tute of Standards and Technology (NIST) 

laboratories and the Department of Ener-

gy’s (DOE) Offi ce of Science. The budget 

proposal calls for the Offi ce of Science to 

receive $5.12 billion in FY 2011, an increase 

NEWS

Data Analysis to Build a Model 
of Erebus’s Conduit

In a preliminary examination of DAS data 

and log fi les, which describe each station’s 

state of health, GPS performance, power 

input, sensor channel centering, and tim-

ing errors, only very few pieces of data were 

found to be missing, presumably due to mal-

functions of instruments. Shots for TE- 3D 

were recorded over the entire summit array 

and some of the fl ank stations with very low 

noise (see Figure S1 in the electronic supple-

ment to this Eos issue (http:// www .agu .org/ 

 eos _ elec/)). Shot records of TE- 2D are more 

uncertain, but most stations on the east side 

of the line deployment recorded the west-

ernmost shot with high quality. Initial data 

analysis indicates that waveforms and fre-

quencies of signals recorded vary across 

the network, suggesting medium heteroge-

neity. Nonetheless, the fi rst arrival times of 

P waves should be identifi able with small 

uncertainty, helping to better model the 

travel time information. 

Data recorded by the stations installed in 

2007–2008 for passive seismic analysis will 

be introduced in this tomography to increase 

lateral resolution and modeled depth. In 

addition, it is hoped that the 2- D data will 

help to delineate the presence of major 

velocity anomalies related to the thermal 

imprint of what may be wide- scale mantle 

unconformity. Because of its higher resolu-

tion, TE- 3D is expected to image the presence 

of hectometer- scale velocity perturbations in 

the fi rst 2 kilometers of the volcano edifi ce, 

due to volcanic deposits, thermal anomalies, 

geochemically altered rocks, and magma 

bodies. Both 2- D and 3-D data will help scien-

tists better understand the regional tectonics 

and its local volcanic implications. 
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