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A satellite geodetic survey of large-
scale deformation of volcanic centres
in the central Andes

Matthew E. Pritchard & Mark Simons

Seismological Laboratory, Division of Geological and Planetary Sciences,
California Institute of Technology, Pasadena, California 91125, USA

Surface deformation in volcanic areas usually indicates move-
ment of magma or hydrothermal fluids at depth. Stratovolcanoes
tend to exhibit a complex relationship between deformation and
eruptive behaviour'. The characteristically long time spans
between such eruptions requires a long time series of obser-
vations to determine whether deformation without an eruption
is common at a given edifice. Such studies, however, are logisti-
cally difficult to carry out in most volcanic arcs, as these tend to
be remote regions with large numbers of volcanoes (hundreds to
even thousands). Here we present a satellite-based interfero-
metric synthetic aperture radar (InSAR) survey of the remote
central Andes volcanic arc, a region formed by subduction of
the Nazca oceanic plate beneath continental South America.
Spanning the years 1992 to 2000, our survey reveals the back-
ground level of activity of about 900 volcanoes, 50 of which have
been classified as potentially active>’. We find four centres of
broad (tens of kilometres wide), roughly axisymmetric surface
deformation. None of these centres are at volcanoes currently
classified as potentially active, although two lie within about
10 km of volcanoes with known activity. Source depths inferred
from the patterns of deformation lie between 5 and 17 km. In
contrast to the four new sources found, we do not observe any
deformation associated with recent eruptions of Lascar, Chile*’.

We have created radar interferograms imaging about 900 of the
approximately 1,100 catalogued volcanic edifices in the central
Andes® (Fig. 1). Included in our study are several silicic calderas
and geothermal fields. Temporal coverage is variable—for some
locations, ERS 1 and 2 (European Space Agency remote-sensing
satellites) radar data are available from 1992 to 2000, but only four
years of data are available for a few volcanoes.

We infer four major sources of deformation from the InSAR data.
We find that Uturuncu, a stratovolcano in Bolivia, has a maximum
deformation rate in the radar line-of-sight (LOS) direction, Uyos,
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of 1-1.5cmyr ' (Fig. 2). An area in southern Peru about 2.5 km
east of the volcano Hualca Hualca and 7km north of the active
volcano Sabancaya is inflating with Uy g of about 2 cmyr ™', A third
inflationary source (with Uros = 1 cm yrfl) is not associated with
a volcanic edifice. This third source is located 11.5km south of
Lastarria and 6.8 km north of Cordon del Azufre on the border
between Chile and Argentina, and is hereafter called ‘Lazufre’.
Robledo caldera, in northwest Argentina, is subsiding with U;og
of 2-2.5cmyr~ ', Because the inferred sources are more than a few
kilometres deep, any complexities in the source region are damped
such that the observed surface deformation pattern is smooth. We
find no measurable deformation at volcanoes with small eruptions
or fumarolic activity during the period when radar observations
were made—Ubinas (in Peru) or Guallatiri, Irruputuncu and Ojos
del Salado (in Chile)®.

It is possible that other volcanoes are deforming at rates below
our detection threshold. We quantify our sensitivity to deformation
by comparing temporally overlapping interferograms, and by con-
sideration of previous analyses of InSAR accuracy’. We estimate that
we can detect a signal of 1-2 cm amplitude that is at least 10 km in
spatial extent. Differentiating such a signal from atmospheric noise
within a single interferogram is difficult, but is possible by compar-
ing multiple interferograms, as well as multiple edifices within an
interferogram. Owing to decorrelation of the radar signal near many
of the volcano summits, our survey is not very sensitive to localized
near-surface deformation, as seen for example in the Galapagos®.
Because the longest interferograms that we can form for most
regions span about 5yr (limited by data availability and maintain-
ing interferometric coherence), we can detect average deformation
rates exceeding 4 mmyr~ .

We model the observed surface deformation as resulting from a
spherical point-source of volume change, embedded in either a
homogeneous or layered elastic crust. For each volcano, we simul-
taneously invert data from as many different time periods and
satellite tracks as possible, assuming a single source location. We
solve for the volume change in each interferogram separately. For
our inversions, we use the Neighbourhood Algorithm global search
approach, which can find multiple local minima and a range of
acceptable models®. The misfit function is usually peaked near the
best estimate, but because of the data noise and non-uniqueness of
the problem, we instead choose to use the width of the misfit
function to estimate a range of acceptable values.

We consider how three different seismically derived one-dimen-
sional layered elastic models'®'" affect estimates of source param-
eters. We incorporate the effects of topography upon source depth
by using a different source depth for each pixel depending upon
local elevation'®. Our experiments with different elastic structures,
topography, and the trade-off between source depth and volume
change indicate a range of possible source depths for each centre of
deformation spanning a few kilometres.

From north to south, the inferred source depths (below sea level)
are: 11-13km at Hualca Hualca; 15-17 km for Uturuncu; 6-8 km
for Lazufre; and 4.5-6 km at Robledo. Thus, we find no obvious
pattern in source depth within this volcanic arc. The fit of the
models to the data is generally good (root mean square,
r.m.s. < 1cm, Fig. 2), although a consistent residual northeast of
Hualca Hualca might indicate localized subsidence, and the oblong
shape of the Lazufre deformation pattern suggests the need for a
non-spherical source.

The rate of volume change seems to be time-dependent at
Uturuncu, Lazufre and Robledo, whereas the deformation rate at
Hualca Hualca seems constant within measurement error (Fig. 3).
At Lazufre, no deformation is apparent before early 1998 in two
averaged interferograms, but there is a clear signal in three later
interferograms. The temporal coverage is insufficient to resolve
whether the start of deformation was abrupt or gradual. At
Uturuncu, there is also a slight increase in inflation rate after early
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1998. It could be coincidental that the two centres have an increased
rate of inflation at roughly the same time, but we note that a
M,, = 7 subduction zone earthquake occurred near the time of the
increase (30 January 1998, Fig. 1). Correlations between unrest at
volcanic centres and regional earthquakes have been documented
before™. At Robledo, the rate of subsidence seems to be decreasing
with time.

Even at well-studied volcanoes, the cause of the deformation is
often ambiguous. Given the paucity of relevant studies in the central
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Andes, we emphasize that the cause of deformation we observe is
not known. Inflation at Hualca Hualca, Uturuncu and Lazufre
could be caused by injection of magma from depth, melting of
crustal rock from a previous injection, or build-up of pressure from
a hydrothermal system. Given the inferred 15-17 km source depth
for deformation at Uturuncu, the source is probably magmatic, not
hydrothermal in nature. This source is part of the Altiplano—Puna
Magmatic Complex'*, and may be related to a region of low seismic
velocity inferred to indicate a zone of partial melt at 19 km (ref. 15).
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Figure 1 Shaded relief topographic map of the central Andes. The radar frames used in
this study are shown (black squares). Black triangles show the 1,113 potential volcanic
edifices?. The red line in the ocean is the location of the trench. Colour shows
interferograms (draped over shaded relief) from this study indicating active deformation—
each colour cycle corresponds to 5 cm of deformation in the radar line-of-sight (LOS)
direction. Arrow shows radar LOS direction from ground to spacecraft, which is inclined
23° from the vertical. The red and white circle indicates the location of the M, = 7
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subduction zone earthquake mentioned in the text that is temporally correlated with
increases in the rates of inflation at Uturuncu and Lazufre. Inset maps provide detailed
views of the centres of volcanic deformation: a, Hualca Hualca, Peru, time span June
1992—April 1996 (3.9yr); b, Uturuncu, Bolivia, time span May 1996-December 2000
(4.6yn); ¢, Lazufre, time span May 1996-December 2000 (4.6 yr), all of which are
inflating; and d, Robledo, time span May 1996—October 2000 (4.4 yr), in northwest
Argentina, which is deflating. e, Red box places main figure in context.
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Lazufre and Robledo also lie near regions with low seismic vel-
ocities'. The deformation source near Hualca Hualca could be
related to activity at Sabancaya, even though it is 7 km away. During
the 1990 eruptions of Sabancaya, a concentration of earthquakes
was located between 4-7 km depth in about the same region as our
inferred deformation source'. A large distance between an eruptive
centre and the magma chamber has been inferred elsewhere; for
example, in Alaska, where the 1912 Novarupta eruption was at least
partially fed by a magma chamber beneath Mt Katmai 10 km
distant'”. Lazufre also lies more than 7km from the nearest
potentially active volcano. This inferred deformation source could
plausibly feed either of the nearby volcanoes, or—as it lies within a
topographic depression—it could represent an incipient caldera.
Subsidence at the southernmost source, Robledo, is most probably
caused by cooling or crystallization of a magma body or hydrother-
mal activity, and not by lateral draining of magma, because no
deformation signal from such magma movement is seen.

Lascar, Chile, is currently the most active volcano in the central
Andes and has had several eruptions during the period when InSAR
data are available. We do not observe any deformation at Lascar in
interferograms spanning the eruptions in April 1993, December
1993, and July 2000, or those spanning other periods of mild
vulcanian and fumarolic activity (Fig. 4). In the co-eruptive inter-
ferograms, there is a small region of interferometric decorrelation
around the edifice, but even so, the large expected deformation
signal from the estimated volume of material erupted cannot hide at
shallow depths. However, if the source is deep, the corresponding
surface deformation signal could be below our detection threshold,
thereby placing a constraint on the minimum chamber depth.
Assuming a spherical source in an elastic half space and a range in
volume of erupted material (10° m’ for April 1993; 10°~10” m” for
December 1993 and July 2000)%, the minimum depths below local
relief for the April 1993 eruption is 20-25 km, and 5-12 km for the
December 1993 and July 2000 eruptions. Petrological estimates of
the magma chamber depth range from 5-6 km (ref. 19) to 12-22 km

LOS velocity (cm yr)

LOS velocity (cm yr)

-20 0 20 40 -20 20 60
Distance (km) Distance (km)

Figure 2 South to north (light grey) and west to east (dark grey) profiles through the
interferometric observations (points, same data as shown in Fig. 1 in map insets and
model fits (lines), both shown as rates. The west—east profile has been offset for the sake
of clarity. The profiles intersect at the centre of their respective deformation patterns.
a, Hualca Hualca. In these profiles, the data points are consistently below the models
owing to a localized region of subsidence to the northeast of Hualca Hualca that is visible
in Fig. 1. b, Uturuncu. ¢, Lazufre. d, Robledo.

NATURE | VOL 418 | 11 JULY 2002 | www.nature.com/nature

#2 © 2002 Nature Publishing Group

letters to nature

(ref. 20). Alternatively, the absence of surface deformation could
indicate that the magma plumbing system (particularly the vertical
conduit) behaved rigidly and did not deform during the eruption.
We note that gravity measurements at several other volcanoes
appear to indicate magma movements without surface defor-
mation* . Finally, the lack of surface deformation may result
from temporally aliased observations related to the cyclic eruptive
style of Lascar. At Lascar, a lava dome grows within the crater, cools
and subsides, inhibiting degassing and building pressure within the
chamber until eruption®. In each case, our co-eruptive interfero-
grams begin before the subsidence and pressure build-up com-
menced, so that pre-eruptive inflation of Lascar could have been
approximately balanced by post-eruptive collapse, giving little net
deformation in the interferogram. All three alternatives are viable,
with further work required before one explanation can be favoured.

Our survey suggests the need for monitoring and hazard assess-
ment near the four sources of deformation. Potential hazards from
eruption include mudflows (triggered by melting snow), landslides,
pyroclastic flows and ash clouds, which could endanger overflying
aircraft. The volcanoes of southern Peru pose the most significant
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Figure 3 Inferred rate of volume change as a function of time, assuming a constant
source depth at each location, a spherically symmetric source in a half-space, and a
constant rate of deformation during the time period covered in each interferogram. The
horizontal bar shows the time period covered by the interferogram and the vertical bar
reflects an estimate of the error on the inferred rate of volume change. The error bar is
0.05 units in log space (such that the absolute error scales with the size of the source),
except for scenes with extensive atmospheric contamination at Hualca Hualca, where we
estimate the error to be 0.10 log units. The vertical error bar has been estimated by
looking at the spread in the scatter plot of misfit as a function of source strength,
comparing the strength results from inversions of different combinations of data sets, and
comparing interferograms that span nearly the same time interval, including a set of
interferograms at Robledo that differ by only one day. a, Hualca Hualca. b, Uturuncu
shows an increase in inflation following a M, = 7 Chilean subduction zone earthquake.
The time of the earthquake is shown by a dashed vertical line (labelled EQ). ¢, Lazufre.
Two interferograms before 1998 have been averaged (the black and grey horizontal bars
labelled Stack represent the time span of the two interferograms) and show no
deformation. The stacked data place an upper bound on the rate of source volume
change. Three interferograms that include times following the M,, = 7 Chilean
subduction zone earthquake show deformation. d, Robledo. The total volume of material
inferred to have moved during the observation period for each source is: Uturuncu,

2.4 x 108 m®; Robledo, —9 x 10" m®; Hualca Hualca, 1.3 x 108 m®; and Lazufre,
3.5x 10" m?,
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Figure 4 Interferograms showing no deformation at Lascar from two satellite tracks of
radar data. Black triangles show volcanic edifices, red triangles are potentially active
volcanoes, and the white triangle is Lascar. a, 12 August 1995-24 December 2000 (track
282), spanning the 20—21 July 2000, eruption and a quiet vapour emission®. Deformation
in the Salar de Atacama is clearly visible. b, 6 August—=19 March 2000 (track 282),
spanning the eruption on 20—21 July 2000 (refs 5, 6). ¢, 26 March 1996—13 November
1993 (track 10), spanning the eruption on 17 December 1993 (refs 4, 6, 25), and small

hazard because of the higher population density in that area. For
example, an eruption from Hualca Hualca, Sabancaya or Ampato
could endanger the 35,000 people who live near this group of
volcanoes™. d
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Local dispersal promotes bhiodiversity
in a real-life game of
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One of the central aims of ecology is to identify mechanisms that
maintain biodiversity">. Numerous theoretical models have
shown that competing species can coexist if ecological processes
such as dispersal, movement, and interaction occur over small
spatial scales'™’. In particular, this may be the case for non-
transitive communities, that is, those without strict competitive
hierarchies>®®"'. The classic non-transitive system involves a
community of three competing species satisfying a relationship
similar to the children’s game rock—paper—scissors, where rock
crushes scissors, scissors cuts paper, and paper covers rock. Such
relationships have been demonstrated in several natural sys-
tems'>'*. Some models predict that local interaction and dis-
persal are sufficient to ensure coexistence of all three species in
such a community, whereas diversity is lost when ecological
processes occur over larger scales®®. Here, we test these predic-
tions empirically using a non-transitive model community con-
taining three populations of Escherichia coli. We find that
diversity is rapidly lost in our experimental community when
dispersal and interaction occur over relatively large spatial scales,
whereas all populations coexist when ecological processes are
localized.

Microbial laboratory communities have proved useful for study-
ing the generation and maintenance of biodiversity'>~". In particu-
lar, communities containing toxin-producing (or colicinogenic) E.
coli have been the centre of much attention from both theoretical
ecologists>*'*2% and microbiologists® ™. Colicinogenic bacteria
possess a ‘col’ plasmid, containing genes that encode the colicin (the
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toxin), a colicin-specific immunity protein (which renders the cell
immune to the colicin) and a lysis protein (which is expressed when
the cell is under stress, causing partial cell lysis and the subsequent
release of the colicin)**?. In general, only a small fraction of a
population of colicinogenic cells will lyse and release the colicin®.
Colicin-sensitive bacteria are killed by the colicin but may occasion-
ally experience mutations that render them resistant to the colicin.
The most common mutations alter cell membrane proteins that
bind or translocate the colicin®****?’. In some cases, the growth rate
of resistant cells (R) will exceed that of colicinogenic cells (C), but
will be less than the growth rate of sensitive cells (S). This occurs
because resistant cells avoid the competitive cost of carrying the col
plasmid®"*>***” but suffer because colicin receptor and transloca-
tion proteins are also involved in crucial cell functions such as
nutrient uptake**>**?*?7_ In such cases, S can displace R (because S
has a growth-rate advantage), R can displace C (because R has a
growth-rate advantage) and C can displace S (because C Kkills S).
That is, the C-S-R community satisfies a rock—paper—scissors
relationship.

Using a modification of the lattice-based simulation of Durrett
and Levin®, we theoretically explored the role of the spatial scale of
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Figure 1 Predictions of the lattice-based simulation (see Box 1). a, b, Snapshots of the
lattice in a simulation with a local neighbourhood at times 3,000 (a) and 3,200 (b). The
unit of time is an ‘epoch’, equal to 62,500 lattice point updates (an epoch is the average
turnover of any given lattice pointin the 250 x 250 grid). The strains are colour-coded as
follows: Cis red, S is blue and R is green; empty lattice points are white. ¢, The complete
community dynamics for the same simulation run. d, Community dynamics for a
simulation with a global neighbourhood. The abundances in ¢ and d are log transformed.
When the abundance of a strain goes to zero, we represent this event with a diamond on
the abscissa of the relevant graph at the relevant time. For a-d we used the following
parameters: A¢ = 1/3, Aso = 1/4, Ag = 10/32, and 7 = 3/4 (see Box 1).

e, Sensitivity of qualitative dynamics to changes in a subset of parameter values. For the
(r, A ) values plotted, the greyscale indicates the number of ‘local’ simulated runs (out of
10) in which coexistence occurred for at least 10,000 epochs, with the lighter area
indicating a higher probability of coexistence. For all simulations, we require Agy <
Ap < Ap < AS“+T, which (at least for the mixed system) ensures that S displaces R, R

1+7
displaces C, and (if C has sufficient density) C displaces S.
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