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Diapiric ascent of silicic magma beneath the Bolivian Altiplano
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[1] The vertical transport of large volumes of silicic magma,
which drives volcanic eruptions and the long-term
compositional evolution of the continental crust, is a highly
debated problem. In recent years, dyking has been favored as
the main ascent mechanism, but the structural connection
between a distributed configuration of melt-filled pores
in the source region and shallow magma reservoirs
remains unsolved. In the Central Andes, inversion of a new
high-resolution Bouguer anomaly data over the Altiplano-
Puna Magma Body (APMB) reveals ~15 km wide, vertically
elongated, low-density, 3D structures rooted at the top of the
APMB at 20 km depth. We integrate our gravity inversion
with the available geophysical, geological, and petrological
observations, and in agreement with petrological/mechanical
considerations propose that, in this region of the Andes,
partially molten granitic bodies ascend diapirically through
the hot ductile mid-upper crust. Citation: del Potro, R., M.
Diez, J. Blundy, A. G. Camacho, and J. Gottsmann (2013), Diapiric
ascent of silicic magma beneath the Bolivian Altiplano, Geophys.
Res. Lett., 40, 2044-2048, doi:10.1002/gr1.50493.

1. The Altiplano-Puna Region

[2] The Altiplano-Puna plateau in the Central Andes is a
remarkable location in which to study partially molten bod-
ies in the Earth’s crust and their relationship to large volca-
nic provinces. The thickened continental crust of the
Central Andes hosts the Altiplano-Puna Magma Body
(APMB), the largest known active, continental, midcrustal
zone of partial melt [Chmielowski et al., 1999; Leidig and
Zandt, 2003; Schilling et al., 2006; Yuan et al., 2000].
Directly above it, the Altiplano-Puna Volcanic Complex
(APVC) is the largest Neogene ignimbrite province with a
total erupted volume of >12000 km®, generated mostly in
episodic, supervolcanic (volcanic explosivity index, >8)
eruptions during a “flare-up event” [de Silva and Gosnold,
2007]. Despite the waning of ignimbrite activity over the
past 2 million years [Salisbury et al., 2011], current signs of
unrest are evidenced by large, decade-long, deep-sourced
ground deformation at Uturuncu volcano, comprising
constant-velocity central uplift and a peripheral subsidence
[Fialko and Pearse, 2012]. APVC magmas are monotonous,
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well-mixed hybrids of crustal melts (50%—80%) and more
mafic arc magmas (20%—50%), with remarkably constant
petrological and geochemical characteristics, thought to have
a common origin at the APMB [de Silva, 1989; Ort et al.,
1996]. The APMB has been identified as a first-order geophys-
ical anomaly by independent seismic [Chmielowski et al.,
1999; Leidig and Zandt, 2003; Schurr et al., 2003; Yuan
et al., 2000], magnetotelluric [ Brasse et al., 2002], and gravity
surveys [Gotze and Kirchner, 1997]. It is characterized by low
seismic velocities, very high conductivity, and low density;
integration of these different data sets requires the presence
of'a 15-30 vol.% interconnected melt in the APMB [Schilling
et al., 2006]. This is consistent with the observed high heat
flux [Springer and Forster, 1998], shallow brittle-ductile tran-
sition zone (BDTZ) [de Silva and Gosnold, 2007; Jay et al.,
2012], and a strong crustal anisotropy, possibly caused by a
system of fluid-filled cracks above the APMB [Leidig
and Zandt, 2003]. The top of the APMB is well defined at
~14-20 km below the surface [Leidig and Zandt, 2003;
Schilling et al., 2006], whereas estimates of its thickness range
from ~1 km [Chmielowski et al., 1999; Leidig and Zandt,
2003] to 10-20 km [Yuan et al., 2000] to suggestions that it
could reach the Moho [Schurr et al., 2003].

2. Gravity Survey and Data Inversion

[3] Previous regional gravity surveys (AnGrav) detected a
strong negative Bouguer anomaly associated with the APMB,
with a —50 mGal residual in the isostatic and modeled residual
anomalies [Prezzi et al., 2009], interpreted as the combined
effect of low-density volcaniclastics and partial melt [Gotze
and Kirchner, 1997; Prezzi et al., 2009]. In this study
(GravUt), we increased the extent and resolution of gravity
surveys above the APMB (Figure la); details of the survey
setup and data reduction are given in online supplement.
The Bouguer anomaly (Figure 1b) shows a strong, elongated,
40 km wide low along the eastern flank of the active volcanic
arc and an even stronger, ~130 km long, ~80 km wide, long
wavelength low east of the volcanic arc, which correlates with
the largest Ps/P ratios [Yuan et al., 2000].

[4] We assume the gravity anomaly is generated within
the crust and invert the new gravity data for the subsurface
density structure using GROWTH2.0 [Camacho et al.,
2011], a 3D, automatic, nonsubjective routine that builds a
local anomaly model based on controlled “growth” of bodies
with prescribed density contrast, by means of an exploratory
approach. We invert for a full range of plausible density
contrasts, from 30 to 400 kg m > and for a full range
of regional gravity components (see details in online supple-
ment). We assume a homogeneous density profile for the
bulk of the upper crust because seismic velocity studies
show no evidence for density stratification or sharp
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(a) Topography of the APVC showing the location of the AnGrav (open circles) and GravUt (gray circles) gravity

stations, national boundaries (dashed black line), Quaternary volcanoes (red triangles) and main Neogene calderas (white lines)
[Salisbury et al., 2011]. Al: Alota, PG: Pastos Grandes, LC: Laguna Colorada, Tt: Tatio, Pz: Panizos, Vm: Vilama, Gc¢: Guacha
and Pr: Purico. Numbers indicate date of eruptions in Myr ago. Ut shows the location of Uturuncu volcano. Black lines and
letters indicate the location of the profiles shown in Figure 1c. (b) 3D view of the Bouguer anomaly map, with 2 mGal contours,
for a reduction density of 2270 kg m . (c) Profiles through the Bouguer anomaly and the topography for different normalised

reduction densities.

variations between sea level and the top of the APMB
[Chmielowski et al., 1999; Leidig and Zandt, 2003].

[s] The resultant 3D inversions show persistent anoma-
lous negative gravity structures that extend beyond the pub-
lished depth of the APMB (Figure 2). Deep, first-order
anomalous structures east of the volcanic arc are aligned
NE-SW, in agreement with seismic anisotropy [Leidig and
Zandt, 2003]. Near the top of the APMB and beneath the
volcanic arc, these structures comprise NW-SE elongated
ridges which are aligned subparallel to the crustal scale
NW-SE trending Lipez Fault Zone (~21°S-23°S) of left
lateral transtension [Riller et al., 2001]. At shallower levels, these
ridges develop into six equidimensional domes, 12-20 km
in diameter and with a 25-40 km interspacing. Remarkably,
the anomalous bodies show no spatial correlation with the
Neogene caldera systems (Figure S3). One body, however,
correlates with the ground deformation signal over Uturuncu
and correlates spatially with surface thermal anomalies. We
find similar results for the entire density parameter space
explored in the inversions (Figure S1).

[6] The observed gravitzy anomaly requires a density con-
trast in excess of 30 kg m ™~ (Figure 3), which rules out thermal
expansion as the sole cause of the mass deficiency at depth.
Similarly, the depth and shape of the anomalous bodies pre-
cludes the presence of unconsolidated volcaniclastics and/or
hydrothermal systems as the main cause. The mass deficiency
may arise from the presence of plutons and/or melt. Petrologi-
cal data [Lucassen et al., 2001; Sparks et al., 2008] and
geophysical constraints [Prezzi et al., 2009; Zandt et al.,

1994] establish the overall density of the mid-upper crust to
be 2700 kg m >, while the Bouguer anomaly data constrain
the possible range of density contrasts and relative volumes
of the anomalous bodies for different size inversion grids
(Figure 3 and online supplement). In one possible scenario,
the anomalous bodies would represent crystallized granitoids
in the mid-upper crust. These granitoids, with the composition
of the Uturuncu dacites [Sparks et al., 2008], would have a
density 0f 2650 kg m > and hence a small density contrast with
the host. In order to fit the Bouguer anomaly, they would
comprise a minimum ~25% of the total volume (Figure 3),
and their geometry would greatly differ from the expected flat
or wedge shape of silicic intrusions with small root zones or
feeder channels [Cruden and McCaffrey, 2001; McCaffrey
and Petford, 1997; Petford et al., 2000] (Figure 2c). While
modest-scale ballooning of a magma reservoir could lead to
steep-sided, vertically elongated pluton geometries, with up-
ward concentration of evolved melt and volatiles that generate
ignimbrite eruptions [Lipman, 2007], one would expect a
spatial correlation between the plutons and calderas without
any associated ground deformation signal, however, such corre-
lation is lacking. Thus, either magma reservoirs beneath the
calderas were almost fully evacuated during the paroxysms or
the crystallized remnants have no density contrast with the host.

[7] An alternative scenario arises from larger modeled
density contrasts (Figure 2a and b), which produce smaller
volumes of anomalous bodies and imply the presence of a melt
fraction as the cause of the observed mass deficiency (Figure 3,
red region). If these domes are partially molten and have a high
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Figure 2. Oblique 3D views, looking ESE, of the modeled negative anomalous bodies (blue regions) for three different
density contrasts: (a) —150 kg m >, (b) —400 kg m >, and (c) —70 kg m . Figure 3 shows the volume of melt associated
to each of the three models (25%, 95%, and 0%, respectively), following petrologically based scenarios. The red surfaces
indicate the published depth of the top of the APMB. The anomaly beneath Uturuncu volcano (Ut) is deemed responsible
for the uplift signal measured at the surface.

buoyancy, they could be causing the surface ground deforma- from Uturuncu volcano [Sparks et al., 2008] and the
tion observed by Fialko and Pearse [2012]. A key question is  algorithms of Ochs and Lange [1999] and Hacker and Abers
the nature of the melt phase. We examine different petrological [2004] to calculate physical properties (see online supple-
scenarios using the compositional range of magmas erupted ment). At one extreme, we consider 100% dacitic melt
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Figure 3. Plot showing the volume-density relationship constrained from the inversion of the Bouguer anomaly for
different maximum depths of the anomalous bodies (dashed lines). The volume-density relationship is also shown for
an overall crustal density of 2700 kg m > comprising a dacitic mixture, with varying melt fractions (where the two end
members are: dacitic melt 2300 kg m > and crystallized dacite 2650 kg m ) within a felsic crust (solid lines). See online
supplement for details. These constraints delimit the range of plausible scenarios: the blue shaded area corresponds to
crystallized plutons, whereas the red-graded area corresponds to partially molten bodies. The three dots correspond to
the scenarios in Figure 2.
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Figure 4. Sketch of the processes inferred to be taking place in the mid-upper crust beneath the APVC. See main text for a
detailed explanation. Black arrows represent migration of residual dacitic melt generated by differentiation of andesitic
parent magmas, and horizontal lines denote compacted cumulates. The gray plane and arrows represent zones of left lateral
transtension, which may intercept the APMB at depth [Riller et al., 2001]. The blue solid line indicates the perturbed
geotherm, and the dashed line the solidus of a wet tonalite [de Silva and Gosnold, 2007] to illustrate the shallow depth of
the current brittle-ductile transition zone (BDTZ) identified by Jay et al., [2012]. In this scenario, we suggest active diapiric
ascent of magma from the top of the APMB beneath Uturuncu volcano.

(Figures 2b and 3), and at the other extreme a two-phase mix-
ture of dacitic melt and crystallized (solid) dacite (Figures 2a
and 3). The latter could arise either from solidification of the
melt or from entrained solid fragments. If norite
(orthopyroxene + plagioclase) accumulates from parental
andesite were included, as observed as xenoliths at Uturuncu
[Sparks et al., 2008], a melt fraction increase of 50 vol.% is
required to produce the same density contrast as the two-phase
dacitic mixture (see online supplement). Our preferred model,
shown in Figures 2a and 3, is for a density contrast of —150 kg
m >, which corresponds to a solid-liquid mixture with a melt
fraction of ~25%, similar to that inferred by other methods
for the APMB. However, we emphasize that scenarios within
the reddish area in Figure 3 are, in principle, possible and that a
more realistic situation would likely involve a combination of
crystallized plutons and distributed, partially molten bodies
with a range of melt fractions.

3. Magma Ascent Mechanism

[8] On the basis of all available observations, we put for-
ward a geological scenario consistent with well-established
physical principles and current mechanical and petrological
understanding (Figure 4). We envisage the APMB as the
ultimate source of evolved, silica-rich magmas, being a
dynamic melt zone into which mantle-derived, hydrous
basaltic magmas (and their differentiates) intrude from
below, partly crystallize and differentiate, with concomitant
partial melting of the overlying crust [Sparks et al., 2008].
The APMB therefore contains melts ranging in composition
from basalt to dacite with associated crystalline residues.
Silicic melts generated in this way are buoyant due to ele-
vated silica and H,O contents and accumulate at the upper
levels of the APMB through gravity-controlled compaction
[Solano et al., 2012] or deformation-assisted segregation

[Brown and Solar, 1999; Stevenson, 1989] (Figure 4) to
create melt-rich regions that are potential locations for the
initiation of magma extraction. These melt-rich regions
could also be the outcome of tectonomagmatic interactions
[Weinberg, 1996], such that crustal scale, low-viscosity
shear zones intercepting the APMB [Riller et al., 2001]
could prescribe the initial sites for magma extraction
(Figure 4). An observation suggesting that this could be
the case is the fact that Neogene volcanic belts are aligned
with crustal scale shear zones [Riller et al., 2001].

[9] Once enough buoyant magma has accumulated at the
top of the APMB, it could initiate ascent en masse through
gravitational instability if host rocks are hot enough to
enable creep flow [Weinberg and Podladchikov, 1994],
which observations suggest is the case [Jay et al., 2012;
Springer and Forster, 1998]. Dyking is found implausible
as a means to connect the APMB, and the shallower level
low-density bodies as intrusions fed by dykes would appear
as rootless or wedge-shaped structures in the gravity inver-
sion; instead, they consistently appear rooted at the APMB
(see online supplement and Figure S4). As magmas that
erupted from Uturuncu itself are dacitic in composition
[Sparks et al., 2008], rather than mixtures of dacitic melt
and residual/entrained crystals, we consider that during
diapir ascent, further physical and chemical differentiation
occurs via the compaction of the diapiric mixture [cf. Solano
et al., 2012], such that the diapir becomes increasingly melt
rich and chemically evolved toward its top.

[10] Although the details of the melt segregation, focus-
ing, and ascent mechanisms remain to be addressed, our
gravity data, the well-established presence of the APMB,
the temporal and spatial pattern of ground deformation at
Uturuncu, and the hot ductile crust suggest that the
APMB-APVC setting is conducive to the current diapiric
ascent of silicic magmas in the mid-upper crust.
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