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The Altiplano-Puna ultralow-velocity zone in the central Andes, South America, is the largest
active magma body in Earth’s continental crust. Space geodetic observations reported an uplift
in the Altiplano-Puna proper at a rate of ~10 mm/year; however, the nature of the inferred
inflation source has been uncertain. We present data showing that the uplift has persisted at a
nearly constant rate over the past two decades, and is surrounded by a broad zone of subsidence.
We show that the ongoing uplift and peripheral subsidence may result from a large mid-crustal
diapir fed by partial melt from the Altiplano-Puna Magma Body.

There is a long-standing debate on themech-
anisms of transport of silicic melts from
the source region to the final emplacement

levels in the upper crust. Once-prevailing views
of slow transport of silicic melts in crustal diapirs
(1) have been challenged by considerations of
thermal viability of diapirs and suggestions that
most of granitic melts are transported to the upper
crust in dikes (2, 3). Subsequent theoretical studies
have shown that granitic dikes may have difficul-
ty leaving the source region (4) and that diapirs
may not in fact be in danger of freezing if one
relaxes simplifying assumptions about the rhe-
ology of the ductile lower crust—for example,
by explicitly considering temperature-dependent
power-law creep (5).

Magma transport through the crust may be
accompanied by deformation of Earth’s surface.
Geodetic observations in neovolcanic areas com-
monly reveal episodes of uplift due to inflation of
magma bodies in Earth’s upper crust (6–11), pos-
sibly indicating injection of dikes from deeper
sources. No observations of surface deformation
due to magmatic diapirs have been reported so
far. Expected features of diapir-related deforma-
tion include nearly constant surface velocities,
large spatial wavelengths (on the order of tens of
kilometers or more), axisymmetric patterns, and
association with robust magmatic activity. Here,
we investigated a long-term, long-wavelength crust-
al uplift in the Altiplano-Puna province in South
America, a site of intense silicic volcanism over
the past 10 million years. The Altiplano-Puna vol-
canic province belongs to an active volcanic arc
in the central Andes, extending through Peru,
southwestern Bolivia, Chile, and northwestern
Argentina (12, 13). The province hosts a number
of large calderas formed as a result of catastrophic
eruptions. Seismic observations revealed that much
of the volcanic province is underlain by amassive
ultralow-velocity zone (ULVZ) at a depth of 17 to

19 km (14, 15). The Altiplano-Puna Ultralow-
Velocity Zone (APULVZ) has thickness on the
order of 1 km and lateral extent on the order of
100 km, and is believed to be the largest known
activemagma body in Earth’s continental crust (15).

Space geodetic surveys using interferometric
synthetic aperture radar (InSAR) identified sur-
face uplift within the APULVZ proper (16). This
uplift was attributed to the Uturuncu volcano, al-
though that volcano has remained dormant over
the past 2.7 ! 105 years (16, 17). The surface
uplift field with a spatial wavelength of tens of
kilometers requires either a deep (depth >15 km)
or an areally extensive (characteristic diameter
>20 km) source of inflation (16). Because InSAR
data from only one look direction are not suf-
ficient to constrain the depth and geometry of
pressurized magma bodies (10, 18), understand-

ing the nature of uplift in the Altiplano-Puna prov-
ince requires measurements of both the vertical
and horizontal components of deformation.

To reduce uncertainties in the depth estimates
of the inferred inflation source, in 2006 we asked
the European Space Agency to task the ERS-2
and EnviSAT satellites to acquire data from both
the ascending and descending orbits over the
APULVZ. Several tens of acquisitions weremade,
increasing the total time span of observations from
1992 until 2010. Average line-of-sight (LOS) ve-
locities from several satellite tracks covering
APULVZ (Fig. 1) indicate that the central uplift
near the Uturuncu volcano is surrounded by a
broader region of subsidence at a rate that is much
smaller than the peak uplift rate (19). The pe-
ripheral subsidence was not detected in previ-
ous studies, presumably because of a shorter time
span of observations and a lower signal-to-noise
ratio. We refer to the observed deformation pat-
tern (Fig. 1) as the “sombrero uplift.”Analysis of
time dependence of surface unrest indicates that
the latter has persisted over the past two decades
(Fig. 2 and fig. S2). The monotonic uplift in the
center of the APULVZ contrasts with episodic
inflation typical of shallow magma bodies in the
upper crust (7, 11, 20) but is similar to defor-
mation associated with another large mid-crustal
magma body in the Rio Grande Rift in New
Mexico (21, 22).

We used the average LOS velocities from dif-
ferent radar look directions to constrain the depth
of the inflation source (fig. S2). Joint inversions
of average LOS velocities are subject to several
uncertainties because of the relative nature of
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Fig. 1. Mosaic of LOS ve-
locities obtained fromstack-
ing of ERS-1/2 and EnviSAT
data from the descending
tracks 282 and 10. Motion
toward the satellite is taken
to be positive. The LOS ve-
locity is constrained tohave
a zero mean value in the
far field, away from the
imageddeformationanom-
aly.Notea ringof subsidence
surrounding the central up-
lift. Red line denotes the
extent of the seismically
imaged ULVZ in the mid-
dle crust (14, 15).
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InSAR measurements, different time spans of ac-
quisitions from different satellite tracks, and pos-
sible temporal variations in the uplift rate. In
addition, in cases of superposition of the central
uplift and peripheral subsidence (Fig. 1), inver-
sions that consider a single source of inflation
result in underestimation of the source depth.

To avoid biases due to the source complexity,
we use positions of the LOS velocity maxima
that are independent of the estimated uplift rates.
The data from the descending (fig. S2, A and C)
and ascending (fig. S2B) satellite orbits show that
peaks in the LOS velocity anomalies are sep-
arated by as much as 8 T 2 km. This separation
stems from the contribution of horizontal dis-
placements to changes in the radar range (10).
Forward modeling indicates that the separation
increases with the source depth for a given source
geometry; for oblate (sill-like) sources, it also in-
creaseswith the source diameter for a given source
depth. Models assuming an oblate source geom-
etry and elastic deformation of the host rocks
(23) fail to produce the observed separation be-
tween peaks in the LOS velocities (fig. S2); the
maximum predicted separation is 3 to 5 km for
sills shallower than 12 km. This result implies that
(i) the inflation source may be spheroidal or pro-
late in shape, (ii) the source is located below the
brittle-ductile transition, and (iii) the assumption
of purely elastic deformation is invalid.

We performed numerical experiments to eval-
uate the effect of stress relaxation in the middle
crust on surface velocities (19).We found that the
main effect of viscous deformation is to reduce

the contribution of the horizontal component of
the velocity field with respect to the vertical com-
ponent (fig. S4). A smaller ratio of horizontal to
vertical displacements translates into a smaller
separation between the maxima in the LOS dis-
placements from the descending and ascending
orbits, which lends further support to the infer-
ence of a prolate source geometry. We note that
shallow (depth <15 km) isometric or prolate
sources in elastic half-space can be ruled out, as
they are not able to generate an uplift anomaly of
sufficiently large wavelength. An upper bound
on the source depth is likely provided by the
seismically imaged ULVZ. This is because the
massive partially molten APULVZ (14, 15) is
likely to absorb strain from hypothetical under-
lying sources, thereby precluding a localized de-
formation at Earth’s surface. The same argument
can be invoked against a deep deflation source as
a possible cause of peripheral subsidence (Fig. 1).

Although it is possible to fit the InSAR data
by a simple elastic half-space model consisting of
twopoint sources of volume change (Mogi sources;
fig. S3), such a model may be deemed unrea-
sonable on the basis of the following consid-
erations. First, the inflating and deflating Mogi
sources would have to reside at depths of at least
25 and 80 km, respectively, to explain the ob-
served wavelength of surface deformation (Fig.
1 and fig. S3). These source depths are greater
than those of the brittle-ductile transition and
the APULVZ (14, 15), so that the assumption
of elastic deformation is inapplicable, as discussed
above. Second, the inferred rate of deflation of

the hypothesized deep source exceeds the infla-
tion rate of the shallower source by a factor of 4
or more, raising an issue of mass balance. Third,
a long-term surface uplift (Fig. 2) would imply
either a permanent magma conduit with a con-
stant flow rate connecting the uppermantle source
to the mid-crustal magma body, or a quasi-steady
supply of melt to the mid-crustal magma body
via frequent magma-driven fractures.Mechanical
and thermal considerations suggest that such sce-
narios are unlikely (19). Alternatively, the per-
sistent nature of surface deformation may be
attributed to slow viscous deformation induced
by a large magma body in the middle crust (22).

We explored the possibility that the observed
sombrero uplift is associated with the Altiplano-
PunaMagma Body itself. As an initial test of this
hypothesis, we ran a series of inversemodels using
a combination of an inflating source and a grid of
deflatingMogi sources at the seismically inferred
depth of the APULVZ. The grid was designed to
match the extent of the observed surface sub-
sidence (Fig. 1). An inflating source was repre-
sented by a prolate spheroid (24, 25). The depth
of the inflating source deduced from these inver-
sions was not resolvably different from the as-
sumed depth of the distributed deflating source
representing the APULVZ. Furthermore, the rate
of volume change was found to be approximately
equal for the inflating and deflating sources. Al-
though this simple kinematic model is able to fit
the data, it does not explain the mechanism of
volume changes at depth. Note that a sill-like
body with interconnected melt cannot maintain
substantial lateral gradients in the magma pres-
sure (e.g., an overpressure in the center of the
body and an underpressure elsewhere).

Instead, we propose that the sombrero uplift
(Fig. 1) results from ballooning of a large diapir
fedbyhot low-viscositymaterial from theAPULVZ.
One possibility is that partial melting in the
APULVZ produces magma of lower density rel-
ative to the host rocks, which may result in the
Rayleigh-Taylor instability in the roof of the mag-
ma body and formation of a buoyant diapir.
As such a diapir increases in size, it may be
fed by lateral migration of partial melt within the
APULVZ.According to thismodel, inflation of the
buoyant diapir causes central uplift, and withdraw-
al of material from the parental APULVZ is re-
sponsible for the peripheral subsidence. Note that
the optimal location for the development of a diapir
is in the middle of the APULVZ, consistent with
seismologic and geodetic observations (Fig. 1). The
inferred depth of the magma source is also con-
sistent with available petrological constraints (17).

To test this hypothesis, we performed time-
dependent 3D numerical simulations of deforma-
tion due to a buoyant diapir in the center of the
APULVZ. Simulations were carried out using a
finite element code, Abaqus (26). The model do-
main is a cylinder with a radius of 300 km and
thickness of 200 km. Themodel includes an elastic
crust with thickness of 12 km and a viscoelastic
substrate. The viscoelastic substrate obeys the
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Fig. 2. Time series of LOS displacements calculated using data from the ERS (black symbols) and EnviSAT (gray
symbols) acquisitions from tracks 10 (diamonds and dots), 282 (squares and crosses), and 89 (circles and asterisks).
Origin of the time series is arbitrary. Locations of the reference sites are denoted by the respective symbols in fig.
S2. Small-scale subannual undulations seen in LOS displacements are most likely of atmospheric origin.
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temperature-dependent power-law rheology with
laboratory-derived material parameters [see (19)
for details of numerical implementation and ma-
terial parameters]. The source region is approxi-
mated by a tabular body having the areal extent
of the APULVZ (Fig. 1) and thickness of 1.5 km.
The upper boundary of the source region is lo-
cated at a depth of 19 km below the free surface.
The buoyant region is approximated by a semi-
ellipsoid of rotation with vertical semi-axis of
6.5 km and horizontal semi-axis of 5 km, ex-
tending 5 km above the upper boundary of the
APULVZ (fig. S6). Both the diapir and the tab-
ular source region representing the APULVZ are
prescribed a linear Maxwell viscoelastic rheol-
ogy. The material within the diapir has a lower
density relative to the host rocks. The material
within the source region is assumed to be neu-
trally buoyant, so that it is passively entrained by
the ascending diapir. Depending on the value of
melt fraction in the APULVZ, lateral transport of
melt toward the central upwelling may occur as
either channel or porous flow. We approximate
both processes by allowing bulk viscous defor-
mation inside the diapir and the tabular source
region to ensure conservation of mass. Figure 3
shows predictions of the best-fitting “ballooning
diapir”model. As can be seen in Fig. 3, the wave-
length, pattern, and amplitude of predicted surface
velocities are in good agreement with InSAR ob-
servations. The peak uplift velocity predicted by
our best-fit model is on the order of 10 mm/year
after ~20 years of deformation, and gradually de-
creases with time. The predicted separation between

peak LOS velocities corresponding to the ascend-
ing and descending satellite orbits is 6 km, in over-
all agreement with InSAR observations (fig. S2).

Our observations and modeling results there-
fore suggest that the ongoing sombrero uplift in
the Altiplano-Puna province (Fig. 1) manifests as
the formation of a large diapir in the roof of the
Altiplano-Puna Magma Body. It is instructive to
compare deformation due to the APULVZ to that
due to the Socorro Magma Body (SMB) in cen-
tral NewMexico, arguably the second largestmag-
ma body in Earth’s continental crust (27). The
two magma bodies occur in very different tec-
tonic settings but nonetheless share a number of
remarkable similarities. Both magma bodies are
located in the middle crust just above a depth of
20 km. Both bodies are associated with seismic
activity in the upper crust, and the long-term up-
lift rate is on the order of millimeters per year
(17, 22, 23, 28). In both cases, the modeled
source of inflation is smaller than the seismically
imaged magma body (22). There is indication of
subsidence around the central uplift due to the
SMB (10, 21, 22), although the rates of both
uplift and subsidence due to the SMB are smaller
than those due to theAltiplano-PunaMagmaBody
and therefore subject to greater uncertainties (Fig.
3). These similarities, along with modeling re-
sults presented in this study, suggest that the up-
lift and peripheral subsidence due to the SMB
might also manifest as the formation of a mag-
matic diapir, rather than viscous response to in-
flation of a large sill-like magma body, as
suggested previously (10, 22). Models predict

that in both cases the surface uplift should grad-
ually slow down and increase in wavelength,
provided there is no supply of fresh melt from a
deeper (e.g., mantle) source. However, the details
of surface deformation (e.g., the ratio of maxi-
mum horizontal to maximum vertical displace-
ments; fig. S4) may be sufficiently different for
the sill and diapir models. The competing hypothe-
ses therefore can be tested with further observa-
tions at the Altiplano-Puna and Socorro sites, as
well as other areas of long-term uplift due to mid-
crustal magma bodies. In the absence of direct
observations of magma transport at depth, space
geodetic surveys in neovolcanic areas can pro-
vide critical constraints on the occurrence, time
scale, and dynamics of magmatic diapirism.
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Fig. 3. Observed (black dots) and predicted (solid red line) LOS velocities along the northwest-to-southeast
profile crossing the center of the uplift (Fig. 1). The model predictions correspond to a buoyant diapir at the
top of the APULVZ, with density contrast of 400 kg m!3. Shown at the bottom are surface velocities due to
the Socorro Magma Body (New Mexico) from InSAR and leveling measurements (blue symbols, right axis).
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