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1. Introduction
Periods of unrest characterized by an unusual behavior of a volcano which is cause for concern are ubiqui-
tous manifestations of sub-surface processes underpinning active volcanism (Biggs et  al.,  2014; Phillipson 
et al., 2013). At volcanoes with seemingly protracted (hundreds of kyears) absence of eruptive activity such as 
at Uturuncu volcano (22.270°S, 67.180°W) in the Altiplano-Puna region of southern Bolivia, the recognition of 
unrest is therefore startling (Sparks et al., 2008). The 6,008 m high Pleistocene dacitic volcano forms part of the 
Altiplano-Puna volcanic complex (APVC; de Silva, 1989) and sits in the center of a large (∼150 km in diameter) 
and temporally protracted deformation anomaly, recognized by satellite remote sensing and geodetic leveling 
(Gottsmann et al., 2017; Pritchard & Simons, 2004). Mean deformation velocities reached values of ∼1 cm yr −1 
in the line-of-sight (LOS) of satellite radar between 1992 and 2011, with mean maximum orthometric uplift of 
1.2 ± 0.2 cm yr −1 between 1965 and 2011. A moat of ground subsidence surrounds the area of ground uplift, 
where maximum subsidence rates reached 0.3 ± 0.03 cm yr −1 between 1965 and 2011 (Gottsmann et al., 2018; 
S. T. Henderson & Pritchard, 2013). GNSS observations at station UTUR between 2010 and 2020 indicate a 
slowing of ground uplift to maximum values of 0.32 ± 0.05 cm yr −1 (Eiden et al., 2021). The region is host to the 
Altiplano-Puna Magma Body (APMB), a ∼10 km thick zone of low seismic velocities and high electrical conduc-
tivity with its surface at 10–15 km below sea level (Comeau et al., 2016; Ward et al., 2014; Zandt et al., 2003).

Several models have been proposed to explain the source of ground deformation including elastic half-space 
models of material exchange between deep-seated sources and shallow-seated sinks (S. T. Henderson & 
Pritchard, 2013), models of diapiric ascent of magma from the APMB (Fialko & Pearse, 2012), thermomechan-
ical models of single source pressurization (Hickey et al., 2013) and material transfer between the APMB and a 

Abstract Enigmatic large-scale (>150 km wide) ground deformation in southern Bolivia has been ongoing 
for more than 50 year. Concurrent changes in gravity recorded between 2010 and 2018 imply minor changes in 
subsurface density in the absence of significant mass changes. Numerical modeling of the gravity changes and 
concurrent InSAR LOS displacements gives annual bulk density changes of 0.002 kg m −3 in the Altiplano-Puna 
Magma Body (APMB) and −0.03 kg m −3 in a vertical bulge-column ensemble beneath Uturuncu volcano. We 
propose that the transcrustal migration of fluids from the APMB to shallower crustal levels by compressible 
flow is the source of ground deformation. Localized ground subsidence south of Uturuncu can be best 
explained by a density decrease of 20 ± 5 kg m −3 between 2011 and 2013 in a hydrothermal reservoir. Our 
findings contribute to the growing recognition of transcrustal fluid migration as a source of volcanic unrest.

Plain Language Summary Large-scale (>80 km wide) anomalous ground uplift has been observed 
in the Altiplano-Puna region of southern Bolivia for more than five decades, but there is no consensus on the 
underlying causes. While magma migration and emplacement at shallow depth or a combination of magma and 
fluid migration have been proposed, none of the previous studies considered changes in the gravity field. Here, 
we report on temporal and spatial changes in gravity observed between 2010 and 2018 which primarily indicate 
subsurface density changes as the cause of ground deformation during that period. Using computer modeing, 
we show that the ascent of fluids from a deep-seated (∼20 km below the ground surface) magma reservoir 
through the overlying crust can explain both the deformation and gravity changes. This ascent occurs amid a 
decrease in confining pressure, leading to the expansion of the fluids within a volume best characterized by a 
column-like geometry. Movement of magma is either negligible or absent. Localized ground subsidence can be 
explained by the release of the fluids to the surface.
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vertically extensive transcrustal low-density body (Gottsmann et al., 2017), and a model of magma sill emplace-
ment at the brittle ductile transition zone (Morand et al., 2021). Neither of these models accounts for changes 
in the gravitational potential associated with the deformation to quantify concurrent density changes. Here, we 
build on the axisymmetric thermomechanical Finite-Element model presented in Gottsmann et al. (2017) to test 
whether material transfer from the APMB toward the surface is consistent with observed spatio-temporal varia-
tions in the gravity field.

2. Methods
2.1. Gravity Data and Field Surveys

Dynamic gravity data were collected between March 2010 and November 2018 at a network of 20 benchmarks 
extending from a reference station near Laguna Colorada to the W of Uturuncu along a ∼50 km long survey line 
toward the east (Figure 1). The resultant gravity change time series includes between two and six occupations 
at each benchmark with five surveys conducted during the Bolivian summer in November and March between 
2010 and 2013; that is, at the beginning and the end of the typical dry season in the Altiplano. The most recent 
survey was completed in November 2018. Gravity data collection using a Scintrex CG5 (serial number 572) field 
gravimeter was performed in tandem with GNSS receivers for benchmark locations. Due to the absence of a 
regional network of GNSS reference stations at the beginning of the survey period and associated large errors in 
GNSS data we use InSAR LOS data to determine benchmark velocities throughout the study period. We followed 
standard gravimetric surveying techniques (Battaglia et al., 2008) establishing control points as part of individual 
survey loops (<3 hr length) to correct for instrument drift and tares due to the shaking of the instrument in harsh 
terrain. During each individual survey, benchmarks were visited up to six times with at least five cycles of 45 s long 
readings at 6 Hz during each visit. Data repeatability was generally between 3 and 15 μGal (1μGal = 10 −8 m s − 2)  
with the higher end of the range at difficult to reach benchmarks and during a period elevated regional seismic 
activity in October 2012. All gravity data were reduced for tidal (ocean and solid Earth) effects using TSOFT 
(Van Camp & Vauterin,  2005) using the GOT99.2 (Ray,  1999) and the Wahr-Dehant (Dehant et  al.,  1999) 

Figure 1. Survey area, benchmark locations (white and red circles), and identifiers. Benchmarks with longest temporal 
coverage (4–6 occupations between 2010 and 2018) are marked by red circles. Lower left inset: InSAR LOS displacements 
(mm/yr) from Sentinel-1 track 156 (11.2014–11.2018) with respect to reference station UBAS. Locations of Uturuncu's 
summit, cGNSS station UTUR (black star in inset) and Laguna Colorada are shown for reference. The black arrow in the inset 
marks an area of localized ground subsidence south of Uturuncu (Lau et al., 2018) and the broken line indicates the footprint 
of the modeled column shown in Figure 2.
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latitude-dependent models, respectively. The effect of ground deformation on gravity change is solved implicitly 
in the model.

2.2. Satellite Geodesy

Synthetic aperture radar (SAR) satellites including European Remote Sensing (ERS-1/2), Envisat, TerraSAR-X 
(TSX), and Sentinel-1 A/B have measured relative surface displacements along the radar line of sight at Uturuncu 
from 1992 to present, with some gaps in data availability between 2010 and 2014 (Eiden et al., 2021; Fialko 
& Pearse, 2012; S. T. Henderson & Pritchard, 2013; Lau et al., 2018). We have used limited TSX data to fill 
the gap between 2012 and 2014 but could not resolve the small ground velocities we expect to see due to the 
available scenes in that data set (Eiden et al., 2021). However, based on the GNSS station UTUR (Figure 1), the 
rate of deformation between 2010 and 2014, is similar within error with the 2014–2018 rate from InSAR (Eiden 
et al., 2021), indicating no obvious change in ground displacement rate between 2010 and 2018 (Figure S1 in 
Supporting Information S1). We have processed available Sentinel-1 A/B data for descending track 156 (D156) 
covering November 2014–2018. The ascending track covering the same region has more noise due to the larger 
ionospheric effects during acquisition time (Eiden et al., 2021; Liang et al., 2019) and was hence not used in this 
study. A network of month-long and year-long interferograms was created for D156 using the InSAR Scientific 
Computing Environment (ISCE, Rosen et al., 2018) on the cloud computing resource Amazon Web Services (S. 
Henderson & Setiawan, 2020). We use the 30 m Shuttle Radar Topography Mission (SRTM) digital elevation 
model (DEM) to construct the interferograms (Farr et al., 2007).

The interferometric phase contains atmospheric delays along with the deformation signal (Bevis et al., 1992). 
We use ISCE to correct for ionospheric effects and the Generic Atmospheric Correction Online Service for 
InSAR (GACOS) to mitigate tropospheric effects, although these corrections do not remove all atmospheric 
delay (Rosen et al., 2018; Yu, Li, & Penna, 2018; Yu, Li, Penna, et al., 2018). To generate a time series of ground 
surface movement at each pixel in the study region, we use the Generic InSAR Analysis Toolbox (GIAnT) and 
a modified Small Baseline Subset method (Agram et al., 2013; Berardino et al., 2002). Pixels with a coherence 
under 0.6 are masked.

2.3. Numerical Simulations: Parameterization and Modeling Strategy

Using Cartesian coordinates we jointly and simultaneously solve the constitutive equations behind ground 
displacement and gravity changes from subsurface density variations Δρ(x, y, z) caused by the concurrent 
displacement field u and changes in the gravitational potential ϕg arising from the redistribution of mass at depth 
using 3D Finite Element Analysis (COMSOL Multiphysics 5.4).

Considering elastic deformation in the form of Hooke's law which relates stress σ and strain ϵ via

𝜎𝜎 = 2𝜇𝜇𝜇𝜇 + 𝜆𝜆tr(𝜇𝜇)𝐼𝐼 (1)

𝜖𝜖 = 0.5
(

∇𝐮𝐮 + (∇𝐮𝐮)
𝑇𝑇
)

 (2)

We derive eastward, northward and vertical displacement vectors u, v, and w, respectively, directly from the 
model. Total displacements are projected into the InSAR LOS. μ and λ are the Lamé parameters, tr(ϵ) is the trace 
of the strain tensor and I is the identity matrix.

We impose Dirichlet boundary conditions of zero at infinity in order to mathematically close and solve (Cai & 
Wang, 2005):

∇2𝜙𝜙𝑔𝑔 = −4𝜋𝜋 𝜋𝜋Δ𝜌𝜌(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) (3)

where G is the universal gravitational constant.

The vertical component of gravity that is typically measured in volcano gravimetry is calculated from:

Δ𝑔𝑔(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) =

(

−
𝛿𝛿𝛿𝛿𝑔𝑔

𝛿𝛿𝑥𝑥

)

. (4)
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Residual gravity changes Δgr account for gravity changes by ground deformation as well as other contributors 
described in the Supporting Information. The model aims at best-fitting observed gravity residuals and ground 
displacements by minimizing misfits between observations and model predictions.

The dimensions of the main modeling domain are 160 × 160 × 72 km solving for ∼400,000 degrees of freedom 
(DOF) using ∼40,000 mesh elements (ME) for model exploration (Figure 2). Best-fit model mesh refinement 
increases the number of DOF and ME by a factor of at least 3. We implement a DEM based the SRTM 1 
Arc-Second data and set the summit of Uturuncu volcano at z = 0 m. The main modeling domain extends from 
−36 km ≤ z ≤ 36 km within which changes in the gravity potential are solved. Stresses and strains in a linearly 
elastic material are solved for z < 0 km, only. Time-depended thermomechanical processes are considered in 
(Gottsmann et  al.,  2017) for a protracted (∼20 years) time series of InSAR deformation. Such processes are 
ignored here due to a lack of sufficiently frequent and protracted joint ground deformation and gravity measure-
ments and a significant drop in the rate of ground deformation across the anomaly since 2010 (Eiden et al., 2021). 
Derived source density and pressure changes as well as resultant subsurface strains affecting changes in gravita-
tional potential should hence be considered upper-bound values.

Following Gottsmann et al. (2017), we parameterize vertical mechanical heterogeneity of the crust by using 3D 
shear wave velocities (Vs), mineralogical, and density data to derive elastic constants for the model (Brocher, 2005; 
Lucassen et al., 2001; Ward et al., 2014) (Figure 2; see also Supporting Information for details on data process-
ing). This simplification is acceptable given the very limited lateral variability in Vs values across the region 
(Ward et al., 2014). The subsurface plumbing system is approximated by a cylindrical domain representing the 
APMB, with a central bulge extending from its surface to connect to a vertical column. A graphical representation 
of the model is given in Figure 2 including the dimension and extent of the APMB-bulge-column (ABC) ensem-
ble that reflects the best-fit geodetic model by Gottsmann et al. (2017) based on multiparametric geophysical 
evidence reported in the Supporting Information.

Figure 2. (a) Model dimension and geometry, parameterization of crustal density and predicted best-fit vertical 
displacements (mm/yr). Boundary conditions of the model domains for the solid mechanics solver are as follows: roller at the 
sides, fixed at the bottom and free at the ground surface. Source domains are highlighted in transparent yellow and include the 
APMB- bulge-column (ABC) ensemble.
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We first use parameter sweeps of pressure changes in the APMB and the column to obtain a range of optimal 
least-square fits (minimum misfit and lowest residual) to the InSAR LOS displacements and their uncertainties. 
This is achieved by rotating the predicted 3D displacement vectors into the line of sight of the satellite observa-
tions. The set of statistically plausible vertical displacements determines the free-air contribution to the gravity 
changes, whereas all displacement vectors contribute to the quantification of gravity changes arising from the 
shifting of density boundaries in the subsurface. Then density changes in the APMB and the bulge and column 
are explored using parameter sweeps whereby the density changes in the APMB are initially explored as a frac-
tion of density changes in the bulge and column as to simulate exchange of material between these volumes whilst 
conserving mass. Finally, a suite of best-fit models for a given combination of observations and their uncertain-
ties is obtained from which optimum values and uncertainty ranges are derived from Monte Carlo sampling for 
average annual changes given the near-linear trend of gravity and elevation changes over the observation period 
(Figure 3a).

3. Results and Discussion
Consistent with previous studies, LOS displacements are greatest on the western summit slopes of Uturuncu 
and decrease to negative values ∼40  km from the summit (e.g., Fialko & Pearse,  2012; S. T. Henderson & 
Pritchard, 2013), although the absolute values of displacement have decreased with time. The mean average LOS 
velocities derived for the microgravity benchmarks are reported in Table S1 in Supporting Information S1.

Ground displacements and gravity changes are linearly correlated (Figure 3a) and follow a trend which matches 
within error the theoretical free-air gradient (FAG; −308.6 μGal m −1). The FAG in the survey area is statistically 
indistinguishable from the theoretical value (del Potro et al., 2013). The correlation between ground displace-
ments and gravity changes along the FAG implies no or only very minor subsurface mass changes amid a decrease 
in subsurface density (Williams-Jones & Rymer, 2002).

The spatio-temporal evolution of residual gravity changes is shown in Figure 3b for benchmarks with the longest 
records of observations and in Figure S2 in Supporting Information S1 for the entire network of benchmarks. The 
overall pattern of residual gravity variations indicates a linear decrease in gravity over a large spatial scale (tens of 
km) and across the entire survey area. The largest drops in gravity over the 8 yr period are detected at benchmarks 
closest to Uturuncu's edifice and at two benchmarks located ∼45 km to the west of it, with magnitudes reaching 
−30μGal or a mean average of up to 4μGal yr −1.

Residuals between observations and model predictions for optimal combinations of source parameter changes 
(Table 1) are shown in Figures 4 and 4b. The best-fit model reproduces mean annual LOS displacements at 18 
out of 21 benchmarks within observational errors. The residual of modeled annual ground velocity at LDZP is 
significantly above data uncertainty, and is explained below. Mean annual residual gravity changes at DEMO, 
JIMY, LDZP, MTLC, and SEXP are well predicted by the model with residuals between observations and predic-
tions <1 μGal. This implies a steady-state subsurface process behind the observations at Uturuncu. However, 
residual gravity change residuals at ACDC, BLND, and FOOF are at least two times larger, leading to significant 
differences between predictions and observations for the duration of the survey (Figure 4).

The derived source parameter changes indicate minor pressure and density variations as the drivers of unrest 
at Uturuncu. Over the course of the survey, the density of the APMB is predicted to have increased by 
0.024 ± 0.016 kg m −3 while the density of the bulge and column decreased by 0.176 ± 0.160 kg m −3. Associated 
volume changes in the APMB are modeled at −15 ± 1.6 × 10 −6 m 3 and 35 ± 1.6 × 10 −6 m 3 in the bulge and 
column. Annual source changes are reported in Table 1.

The simultaneous contraction of the APMB and expansion of the bulge and column explain the sombrero hat 
deformation pattern observed at Uturuncu, whereby a moat of subsidence surrounds a central area of uplift (e.g., 
Gottsmann et al., 2017). Our interpretation of the modeling results is that during the observation period material 
was transferred from the APBM into the column. Given the small source density changes, we propose compress-
ible fluid flow whereby fluids migrate and expand due to a decrease in confining lithostatic pressure from the 
APMB into the bulge and column as the most likely process behind the unrest between 2010 and 2018. Our 
model results indicate a statistically significant difference at the 95% probability level in reservoir compressibility 
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Figure 3. (a) Observed gravity changes Δg as a function of vertical ground displacements w. The red solid line represents 
the linear fit to observations with 95% confidence intervals marked by red broken lines. The theoretical free-air gradient of 
−308.6 μGal m −1 is shown by the black solid line. The typical uncertainty of displacements (not shown for clarity) is 0.01 m. 
(b) Residual gravity time series at benchmarks with longest temporal coverage (marked by red circles in Figure 1) including 
linear regressions through observations with 95% confidence bounds (red) and 95% confidence bounds of model predictions 
(blue). The time series cover the period March 2010 through November 2018.
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(Table 1) between the APMB (1.43 ± 0.25 GPa −1) and the bulge and column 
(2.22 ± 0.66 GPa −1), consistent with the migration and expansion of fluids 
throughout a hydraulically connected ABC ensemble.

Magnetotelluric and petrological data allude to an APMB containing ∼8 wt% 
water and evidence for fluid-enhanced seismicity (b-values between 1.1 and 
1.4 throughout ∼75 km of continental crust [Hudson et al., 2022]). The most 
plausible explanation that satisfies a wide range of available geophysical and 
petrological constraints on the dynamics and structure beneath the deforma-
tion anomaly is therefore a transcrustal migration of fluids from the APMB 
(and potentially even greater depth) to shallower crustal levels through a 
permeable vertical columnar structure which feeds the active hydrothermal 
system of Uturuncu.

It is notable that residual gravity changes are significantly outside model 
predictions at benchmarks ACDC, BLND, and FOOF, with LDZP under-
going anomalous ground subsidence. These discrepancies allude to local 
anomalies. The anomaly at LDZP is likely associated with a ∼25 km 2 area 

of ground subsidence to the south of Uturuncu identified between October 2014 and January 2017 in previous 
studies (Eiden et al., 2021; Lau et al., 2018). We revise our model to include a shallow-seated source of contrac-
tion (see Figure S3 in Supporting Information S1) with best-fit pressure and volume changes of −5 MPa yr −1, 
−0.13 × 10 6 m 3 yr −1 between 2014 and 2018. Best-fit locations are −22.366° and −67.215° with a source center 
depth of 2.5 ± 0.3 km above sea level. In contrast to the previous modeling of this localized deformation anomaly, 
our model accounts for stress and strain interactions between different subsurface sources with a prolate geometry 
for the shallow source providing a better fit to observations than the point sources proposed by (Eiden et al., 2021; 
Lau et al., 2018). To explain the significant residual gravity change of −22 ± 5 μGal between November 2011 
and 2013 a decrease in density of 20 ± 5 kg m −3 is required in the shallow source. Our interpretation of the 
localized ground subsidence is a collapse of a high-level magmatic brine lens extending vertically from the top of 
the column structure. Numerical modeling by Afanasyev et al. (2018) supports this interpretation whereby lens 
collapse forms part of the protracted spatio-temporal evolution of high-level brine reservoirs with fluids being 
supplied to and (after the end of fluid supply) drained from lenses through a high-permeability conduit (i.e., the 
column in our model). From our gravimetric observations, it appears that the process of lens collapse started 
sometime between November 2011 and 2013 and hence at least 12 months earlier than identifiable in the InSAR 
times series giving a duration of the phenomenon of at least 3.5 yr. According to our observations, the anomalous 
drop in density in the shallow-seated source waned by November 2018 (Figure 2).

At FOOF, anomalous behavior may be associated with water table variations and or/localized stress addand 
density perturbations along an SW-NE elongated topographic ridge. The ridge is composed of older eroded 
volcanics at the surface and underlain by  >3  km thick material of higher than background density material 
(labeled anomaly D1 by MacQueen et al., 2021) and shown in Figure 3c for reference). The high-density body 
is also associated with a positive gravitational tilt angle and interpreted to represent an intrusive complex and/
or a zone of disseminated sulfides by MacQueen et al. (2021). Alternatively, the gravity variations may mirror 
water level perturbations in a river bed which extends NNE-SSW along D1 (FOOF is located at the E shoul-
der of D1). Although we did not note any drastic changes in river level during the surveys, we cannot rule out 
gravity perturbations by groundwater level variations or recharge of the hydrothermal system beneath Uturuncu 
along D1. Benchmarks ACDC and BLND are located along a second SE-NW striking structure composed at 
the ground surface of an array of deeply eroded sulfide-rich older volcanic edifices ∼25 km to the W of D1 and 
recognizable by local geophysical anomalies: (a) a high positive Bouguer gravity tilt angle (shown in Figure 3c) 
and (b) a strong electromagnetic conductor labeled C5 in Comeau et al. (2016). In general, tilt angles (the ratio 
of the first vertical derivative of the potential field to the horizontal gradient) mark subsurface structures with 
anomalous densities whereby high positive angles are found above anomalously high-density structures (Miller 
& Singh, 1994) and high negative angles above anomalously low-density structures. Our interpretation of the 
ACDC and BLND anomalies is that they are associated with shallow-seated (<3 km depth) dominantly SW-NE 
striking (50°NE) volcano-tectonic lineaments which focus fluid flow along shallow dipping (50° from the verti-
cal) faults (Hudson et al., 2022).

Parameter Value 1σ

ΔρA 0.002 kg m −3 0.002 kg m −3

ΔρBC −0.03 kg m −3 0.01 kg m −3

ΔVA −1.4 × 10 6 m 3 0.2 × 10 6 m 3

ΔVBC 3.4 × 10 6 m 3 0.3 × 10 6 m 3

ΔPA −510 Pa 300 Pa

ΔPBC 5,500 Pa 200 Pa

βrA 1.43 GPa −1 0.25 GPa −1

βrBC 2.22 GPa −1 0.66 GPa −1

Table 1 
Best-Fit Annual Changes in Density (Δρ), Volume (ΔV) and Pressure 
(ΔP) of the APMB-Bulge-Column (ABC) Ensemble, Resultant Reservoir 
Compressibilities, and Respective 1σ Uncertainties

 19448007, 2022, 16, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
099487 by T

est, W
iley O

nline L
ibrary on [31/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

GOTTSMANN ET AL.

10.1029/2022GL099487

8 of 11

Figure 4. Model fits and interpretation. Mean annual residuals between model predictions and observations for 2014–2018 
LOS displacements (mm/yr; Eiden et al., 2021) (a) and residual gravity changes (μGal/yr) 2010–2018 (b). Broken lines in (a) 
represent the typical uncertainty in the velocity data. The residual subsidence at LDZP is explained by a local deformation 
source in the Supporting Information. Uncertainties in the gravity data are ≥±5 μGal and not shown for clarity. (c) 
Gravimetric tilt angle derived from the local Bouguer anomaly using data presented in MacQueen et al. (2021) where angles 
are given in degrees. Small yellow circles mark static gravimetric measurement points. Red circles mark gravity benchmarks 
with longest temporal coverage (as shown in Figure 1). Labels A–M represent benchmark acronyms shown in (b). D1 
indicates footprint of high-density anomaly modeled at 3 km a.s.l. (i.e., z = −3 km) by MacQueen et al. (2021). Benchmarks 
JIMY, LDZP, MTLC, and SEXP are located in a ring-like structure of high negative tilt angles and representative of the 
column-like low-density anomaly beneath Uturuncu (del Potro et al., 2013), whereas all other benchmarks, bar BLND, are 
located in structures with high positive tilt angles.
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Although we have informed the models with available constraints on source dimensions and locations by 
other geophysical observations, which all rely on best-fit data modeling with inherent uncertainties, the results 
presented here only provide first-order insights into subsurface dynamics.

Smaller dimensions of the ABC ensemble than considered here would require larger density and pressure 
changes, with a larger ensemble requiring smaller changes. Given that we have used optimal model constraints 
we conclude that the results of the study fall in the range of geophysical solutions of a set of mutually consist-
ent subsurface models of the target area (e.g., Comeau et al., 2016; del Potro et al., 2013; Hudson et al., 2022; 
Kukarina et al., 2017; MacQueen et al., 2021; McFarlin et al., 2017).

4. Conclusions
We propose a model of compressible transcrustal fluid transfer through a permeable upper crust (<25 km depth 
beneath the ground surface) as the source of anomalous ground deformation and gravity variations at Uturuncu 
volcano between 2010 and 2018. This model is consistent with only a minimal (undetectable) or no migration 
of magma from the APMB to shallower crustal levels during that time. Possible processes to explain the fluid 
release from the APMB include (a) a waning of magmatic activity in the APVC by the gradual crystallization 
of the APMB or (b) a trapping and subsequent release of ascending lower-crustal fluids in the APMB (Hudson 
et al., 2022). Both scenarios are inconsistent with the imminent renewal of volcanic activity at Uturuncu and more 
indicative of a waning of the magmatic activity in the APVC over the past 3 Ma (Salisbury et al., 2011).

In the absence of gravity change data prior to 2010 is difficult to assess whether the processes inferred in this 
study are also responsible for the substantially larger ground uplift of up to 10 mm yr −1 observed between 1965 
and 2010 (Gottsmann et al., 2018; S. T. Henderson & Pritchard, 2013; Pritchard & Simons, 2004). This leaves 
the questions as to whether long-term unrest at Uturuncu be classed as magmatic, hydrothermal or hybrid unan-
swered. Our study, however, indicates a transcrustal contribution to unrest during the observation period and can 
perhaps be best described as hybrid in nature due to redistribution of magmatic fluids within a large and complex 
sub-volcanic plumbing system.

Our study demonstrates the benefit of pairing observations of spatiotemporal variations in the gravity field 
changes with measurements of surface deformation to provide insights into the evolution of restless volcanic 
systems. Recognizing transcrustal fluid migration as a source of volcanic unrest has important implications for the 
characterization of hydraulically connected sub-volcanic plumbing systems (Christopher et al., 2015; Journeau 
et al., 2022). It can also help explain the many non-eruptive episodes of volcano deformation world-wide (Biggs 
et al., 2014; Phillipson et al., 2013), and particularly those at large silicic calderas where similar linear trends 
between gravity changes and ground displacements have been noted (Williams-Jones & Rymer, 2002).

Data Availability Statement
The topographic data used in this study is from the Shuttle Radar Topography Mission (SRTM) 1 Arc-Second 
archive and is downloadable freely on https://earthexplorer.usgs.gov. The SRTM collections are located under 
the Digital Elevation category. The GNSS data from continuous station UTUR are available through UNAVCO 
at http://geodesy.unr.edu/NGLStationPages/stations/UTUR.sta. The gravity data are deposited at https://doi.
org/10.5281/zenodo.6524352. The InSAR data are freely available to download from the Alaska Satellite Facility 
(https://asf.alaska.edu). To download, search Sentinel-1 data for the region and time period of interest. Sentinel-1 
acquisition dates used in this study, along with processed InSAR data can be found at https://doi.org/10.5281/
zenodo.6529578.
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