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Abstract Copahue volcano straddling the edge of the Agrio-Caviahue caldera along the Chile-Argentina
border in the southern Andes has been in unrest since inflation began in late 2011. We constrain Copahue’s
source models with satellite and airborne interferometric synthetic aperture radar (InSAR) deformation
observations. InSAR time series from descending track RADARSAT-2 and COSMO-SkyMed data span the
entire inflation period from 2011 to 2016, with their initially high rates of 12 and 15 cm/yr, respectively,
slowing only slightly despite ongoing small eruptions through 2016. InSAR ascending and descending track
time series for the 2013–2016 time period constrain a two-source compound dislocation model, with a rate of
volume increase of 13 × 106 m3/yr. They consist of a shallow, near-vertical, elongated source centered at
2.5 km beneath the summit and a deeper, shallowly plunging source centered at 7 km depth connecting the
shallow source to the deeper caldera. The deeper source is located directly beneath the volcano tectonic
seismicity with the lower bounds of the seismicity parallel to the plunge of the deep source. InSAR time series
also show normal fault offsets on the NE flank Copahue faults. Coulomb stress change calculations for
right-lateral strike slip (RLSS), thrust, and normal receiver faults show positive values in the north caldera for
both RLSS and normal faults, suggesting that northward trending seismicity and Copahue fault motion within
the caldera are caused by the modeled sources. Together, the InSAR-constrained source model and the
seismicity suggest a deep conduit or transfer zone where magma moves from the central caldera to
Copahue’s upper edifice.

Plain Language Summary Copahue volcano straddling the edge of the Agrio-Caviahue caldera
along the Chile-Argentina border in the southern Andes has been in unrest since inflation began in late
2011. Its asymmetric deformation pattern extending into the caldera observed by radar interferometry
suggests a complex magma plumbing system. We constrain models of its plumbing system with satellite and
airborne interferometric synthetic aperture radar (InSAR) surface displacement observations. Displacement
time series from RADARSAT-2 and COSMO-SkyMed satellite data span the entire inflation period from 2011 to
2016, with their initially high rates of 12 and 15 cm/yr, respectively, slowing only slightly through 2016. InSAR
observations for the 2013–2016 time period constrain a two-source compound dislocation model, with a
rate of volume increase of 13 × 106m3/yr. They consist of a shallow, near-vertical, elongated source centered at
2.5 km beneath the summit, and a deeper, shallowly plunging source centered at 7 km depth connecting the
shallow source to the deeper caldera. The deeper source is located directly beneath the volcano tectonic
seismicitywith the lowerboundsof theseismicityparallel to theplungeof thedeepsource. This suggestsadeep
conduit or transfer zone where magmamoves from the central caldera to Copahue’s upper edifice.

1. Introduction

Our understanding of volcanic systems and their future behavior depends on interpreting the changes within
the volcano’s plumbing system as expressed through seismicity, surface deformation, gas, and eruptive emis-
sions. Surface deformation remains one of the major observational controls toward developing numerical
physical models of these systems through its constraint on source shape and dimensions, location, depth,
and temporal behavior. Over the past two decades interferometric synthetic aperture radar (InSAR), primarily
from satellites, has been of fundamental importance for constraining volcano processes with its ability to
image surface deformation at meter-scale sampling resolution and subcentimeter precision over broad
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areas. This has led to numerous insights into hydrothermal activity [Wicks et al., 1998; Lundgren et al., 2001;
Lundgren and Lu, 2006; Chang et al., 2010], highly dynamic calderas [Amelung et al., 2000; Yun et al., 2006;
Chang et al., 2010; LeMével et al., 2015], and discoveries of previously unknown magma influx into the crust
at locations offset from the nearby active volcano [Lu et al., 2002; Pritchard and Simons, 2002; Wicks et al.,
2002; Fialko and Pearse, 2012; Lundgren et al., 2015]. It is this detailed, yet synoptic view of surface
deformation, coupled with satellite InSAR’s potential for global reach that has provided important insights
into complex volcano source processes beyond simple point sources.

Copahue volcano (Figure 1) (71.16°W, 37.85°S) is a basaltic-andesitic volcano on the Chile-Argentina border in
the southern Andes, situated between the intra-arc Liquiñe-Ofqui fault zone (LOFZ) and the Antiñir-Copahue
fault zone (ACFZ) [Folguera et al., 2004; Melnick et al., 2006; Folguera et al., 2016]. Copahue lies within the
Callaqui-Copahue-Mandolegüe (CCM) volcanic lineament [Melnick et al., 2006; Folguera et al., 2016], with
the NE alignment of Copahue’s edifice and summit vents parallel to the direction of maximum compressive
stress within the CCM [Bonali, 2013]. Its northeast flank is characterized by an alignment of vents and hot
springs related to a shallow, seismically active hydrothermal system [Ibáñez et al., 2008]. Copahue’s high
3He/4He and CO2/

3He ratios suggest that it is influenced by its extensional setting, with magmas reflecting
mantle asthenospheric upwelling and subducted sediments [Agusto et al., 2013]. The high fumarolic gas flux
beneath the NE flank of Copahue and the broad area affected are compatible with a large magmatic source
beneath this area [Chiodini et al., 2015]. This activity has led to extensive hydrothermal alteration, suggesting
that edifice flank instability is a potential hazard [Varekamp et al., 2001].

Figure 1. Shaded relief map of Copahue volcano and the adjacent Agrio-Caviahue caldera. Bold lines outline summit
craters and lines with tick marks indicate the caldera rim. The right-lateral Liquiñe-Ofqui fault zone (LOFZ), Lomin fault, and
the Copahue-Antiñir fault zone (CAFZ) are shown as solid thin lines [Melnick et al., 2006; Bonali et al., 2016; Folguera et al., 2016].
The Copahue faults are shown as solid lines with solid triangular barbs on the hanging walls, considered thrust faults,
which in this study we find exhibited normalmotion. Volcano tectonic (VT) seismicity for events with location quality ratings of
A and B according to the HYPO-71 algorithm [Lee and Valdes, 1985] is colored by time. White filled diamonds show the
locations of geothermal areas (near the Copahue faults) and hot springs (near Copahue volcano summit) [after Velez et al.,
2011]. Cyan-filled inverted triangles show locations of seismic stations used in b value analysis. Blue dashed box outlines
the data area used for modeling.
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During the past 260 years there have been 11 phreatic/phreatomagmatic eruptions, with the most recent
ones in 2000 and December 2012–2016 during the current unrest period [Naranjo and Polanco, 2004;
Caselli et al., 2016a, 2016b]. The December 2012 phreatomagmatic-magmatic eruptions (≤VEI 2) were similar
to the one in 2000, erupting from the same easternmost summit crater after a period of increasing seismic
activity following the 2010 Maule earthquake [Caselli et al., 2016b]. Since the 2012 eruptive events,
Copahue volcano has developed several episodes of similar phreatomagmatic and magmatic eruptions, with
hydrothermal and magmatic systems alternating in dominance, with the most significant occurring during
the period between October 2015 and December 2016, when a quasi-continuous Strombolian activity was
observed. Numerical modeling of the 2010 Maule earthquake found unclamping of vertical faults that would
favor the migration of fluids resulting in the 2011 to present unrest period [Bonali, 2013; Bonali et al., 2015].
Analysis of pyroclastic density current deposits shows phreatomagmatic vesiculation occurred at 400 m
depth with fragmentation occurring through the interaction of magma with a summit hydrothermal system
at 1500 m depth beneath the summit [Balbis et al., 2016].

In this study, we characterize the sources of inflation at Copahue volcano during an extended period of vol-
cano unrest. We measure surface deformation using synthetic aperture radar (SAR) data from 2011 to 2016.
InSAR surface deformation time series velocities are analyzed from ascending and descending track COSMO-
SkyMed data and descending track RADARSAT-2 data. We also include, for comparison, airborne UAVSAR
data, which provides improved viewing diversity, over a subportion of the unrest period. We apply a new type
of analytical solution, the compound dislocation model (CDM) and its point-source version [Nikkhoo et al.,
2017], to solve for the complex sources constrained by the asymmetric deformation patterns revealed by
the InSAR data. We discuss the implications of the source solutions in terms of the volcano plumbing system
and eruption processes of the Copahue volcano caldera system.

2. Data Analysis

We used synthetic aperture radar (SAR) data from two satellites and one airborne system: the Canadian Space
Agency (CSA) RADARSAT-2 (RSAT2) C-band (5.6 cm wavelength) satellite, the Italian Space Agency (ASI)
COSMO-SkyMed (CSK) X-band (3.1 cm wavelength) four-satellite constellation, and the National
Aeronautics and Space Administration (NASA) UAVSAR airborne repeat pass interferometry L-band
(23.8 cm wavelength) system. For each sensor we compute InSAR maps of relative ground surface deforma-
tion projected into the radar line-of-sight (LOS) direction [Rosen et al., 2000].

Each sensor’s data were processed into differential interferograms, after removal of Earth curvature and topo-
graphic effects, with different processing software. For RSAT2 only descending track data were available and
were processed at the Canada Centre for Remote Sensing using the Gamma processing package [Wegmuller
and Werner, 1997]. CSK data were available from both ascending and descending tracks; however, like RSAT2,
the CSK background volcano acquisitions are only for descending tracks. Ascending track CSK data were
requested beginning in June 2013 once deformation from RSAT2 indicated ongoing inflation. CSK data were
processed using the InSAR Scientific Computing Environment (ISCE) package developed at the Jet Propulsion
Laboratory (JPL), Caltech, and Stanford University [Rosen et al., 2015]. ISCE processing used the SRTM 30 m
digital elevation model [Farr and Rodriguez, 2007] to correct for topography. For interferogram unwrapping
we used the SNAPHU unwrapper [Chen and Zebker, 2000] implemented in ISCE. Lists of interferograms used
in the analysis are given in the supporting information. Baselines for the CSK data were generally constrained
to be within 150 m and 3 months in orbital (perpendicular baselines, B⊥) and temporal separation, respec-
tively, but with longer (up to 1.5 years) summer-to-summer pairs required to span winter incoherence. The
criteria were similar for the RSAT2 interferograms with B⊥ less than 250 m and temporal baselines up
to 500 days.

For each satellite data set we compute InSAR time series from sets of interconnected interferograms using
the GIAnT software package [Agram et al., 2013] in the NSBAS mode. Atmospheric corrections were not
applied; instead, to smooth out atmospheric scatter, we used temporal Gaussian filters with lengths of
0.20, 0.05, and 0.10 years for the RSAT2, CSK descending, and CSK ascending solutions, respectively. The filter
length depended largely on the temporal sampling, which was sparsest for RSAT2 (with its 24 day repeat
orbit) and densest for the CSK descending track (CSK 4 acquisitions possible per 16 days), which had more
acquisitions than for the ascending track. The scatter of the raw unfiltered solution (red dots) compared to
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the filtered solution (blue dots) gives a sense of the time series uncertainty (Figure 2). The InSAR time
series show inflation started in late 2011, which was fastest during the initial 3 years, with a slightly
lower rate through mid-2016. The start of inflation in late 2011 is also inferred from Envisat time series
analysis for the time period 2011.1–2012.25 [Velez et al., 2016]. Due to snow during the austral winter
(June through September or October) gaps occur in the time series. The linear (or mean) LOS velocity
inflation pattern we find is very distinct, with the descending tracks showing a very similar, elliptical
pattern, extending from the summit of Copahue volcano at the SW edge of the caldera toward the
ENE interior of the caldera (Figure 2). The descending track data sets provided our initial imaging of
the LOS displacements and suggested an asymmetric source directed toward the caldera interior. The
ascending track CSK time series show a completely different, roughly circular, pattern centered slightly

Figure 2. InSAR time series LOS linear velocity maps and peak inflation time series. (a, c, and e) Maps give the linear velo-
cities for the 2013.25–2016.4 interval. The box in the lower right corner of each plot gives the satellite heading direction
(gray arrow), the radar look direction (black arrow), and the incidence angle from vertical in degrees. The small red square
in each map is the time series reference box (10 × 10 pixels). (b, d, and f) Time series of peak LOS inflation, each corre-
sponding to the map to its left. The scatter of the raw unfiltered solution (red dots) compared to the filtered solution
(blue dots) gives a sense of the time series uncertainty. The dark gray dash-dotted line marks the dates of the late
phreatomagmatic eruptive period starting in December 2012. The solid gray lines (2013.25–2016.4) mark the limits of the
2013.25–2016.4 linear velocity time window. The solid gray to dashed lines (2013.25–2014.3) mark the dates spanned by
the UAVSAR data (and corresponding time series linear velocities).
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north of the summit. Together, the two deformation patterns illustrate the need for both viewing
geometries to constrain the source or sources and the importance of having at least two viewing direc-
tions (i.e., if you only had the ascending track data its roughly circular pattern might suggest that only a
simple Mogi point source solution was required to fit the data).

The UAVSAR interferograms and the satellite InSAR time series linear LOS velocities for the 2013–2014 inter-
val (Table S1) are shown in Figure S1. We show these interferograms along with the time series velocities at a
wrap rate of 3 cm/yr. As evident in the UAVSAR interferograms, there is a fair amount of atmospheric or air-
craft residual baseline-induced phase noise. In the case of Figure S1e, there was significant topographically
correlated noise that we reduced by using a tropospheric phase correction based on the European Centre
for Medium-Range Weather Forecasts weather model [Agram et al., 2013].

In order to reduce the number of data points to a reasonable number for our Bayesian modeling approach,
we downsample interferograms using a model-based quadtree method from Lohman and Simons [2005]. A
horizontal tensile dislocation model is used to downsample the data to ~500 data points retained, slightly
varying for each UAVSAR interferogram or time series linear velocity map. Each downsampled point is com-
puted from the mean value of the original coherent unwrapped phase within each quadtree square area of
pixels. Standard deviations (σ) for the points are computed and are generally in the range from 0.1 to 0.3 mm/
yr for the linear velocity and 1–2 mm for the interferograms. In our modeling we used the data variances
rather than the full data covariances (see section 3) due to computational limitations.

Due to the heterogeneity of the different data sets, we explore two time intervals: the mean velocities from
the satellite data for the 2013 through May 2016 period, which gives the longest time series with both des-
cending and ascending data, and the 2013–2014 interval in which we have relatively clean UAVSAR interfer-
ograms from three different viewing directions. UAVSAR data were also collected in 2015; however, the
quality of the set of three interferograms was poorer than the 2013–2014 interferogram set.

3. Modeling

We use a Bayesian inference approach based on a Markov chain Monte Carlo (MCMC) sampling [Fukuda and
Johnson, 2010] to estimate posterior probability density functions (PDFs) of model parameters. In our imple-
mentation of the MCMC code we run the inversion through one million kept solutions [Malinverno, 2002],
throwing out the first 100,000 solutions during the “burn-in” phase [Lundgren et al., 2015].

Analysis of the InSAR time series from the satellite data shows that over time the pattern of deformation
did not change, although there was some reduction in rate, the reason we model time series and inter-
ferograms for comparable time intervals. We consider the data from 2013 to the end of summer 2016
(May) to represent the highest-quality data set for modeling. In the supporting information we also show
the results for the 2013–2014 interval covered by the UAVSAR data as a basis of comparison to the
2013–2016 time series results.

In initial analyses of the modeled source(s) we used point [Mogi, 1958], spheroid [Yang et al., 1988], and
tensile dislocations [Okada, 1985] either alone or in combination. In general, these initial analyses
required two sources, one shallower to fit the more acutely shaped deformation source nearer the sum-
mit, with a deeper dipping elongated spheroidal and dislocation source required to fit the extended
positive line-of-sight (LOS) displacements to the ENE (evident in the descending track while mostly can-
celing in the ascending track). However, in the case of the spheroidal sources, the large radius of curva-
ture of the deeper source with respect to its depth meant that the Greens functions were inaccurate
[Yang et al., 1988].

We resolved these previous analytic source limitations by using a new type of analytical source, the com-
pound dislocation model (CDM) and its point-source version, the point-CDM (pCDM) [Nikkhoo et al., 2017].
The CDM is composed of three orthogonal tensile dislocations, each with the same opening (or closing)
magnitude, giving a total potency, or influx volume ΔV. The CDM has 10 parameters: three for location
(x, y, z), three semiaxes lengths (a, b, and c), three axial rotations (ωx, ωy, and ωz), allowing for arbitrary
orientation and axes lengths, and uniform opening u. The CDM can approximate shapes ranging from
equidimensional, to pancake shaped, to cigar shaped, to pipe like. In the case of the pCDM its
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computation time is faster and it has three potencies in place of the axes and uniform opening. For
extended sources the pCDM is less accurate than the CDM, but we present it here (and in the
supporting information) for comparison and to compare one versus two sources.

The solution for the two CDM source model constrained by the 2013–2016 data set (Figures 3–5 and Table 1)
is a very long, thin source located slightly north and several kilometers east of the summit, centered at 7 km
depth and plunging shallowly to the ENE. The second source is shallower (2.5 km depth), located above the
upper portion of the deep source and elongated steeply toward the summit craters. The rate of influx volume
increase (ΔV/yr), or potency rate, is ~13 × 106 m3/yr, where ΔV = 4u(ac + bc + ac) and a, b, and c are the semi-
axes of the CDM and u is the opening.

We also computed source models using the pCDM solutions for one or two sources (Table 1). The one-
source solution results are shown in Figures S2–S4. Results for the two-pCDM solution are shown in
Figures S5–S8. The synthetic displacements for the single pCDM appear significantly worse than that
for the two-source synthetic, especially for descending track data. We performed an F test of significance
(see Lundgren et al. [2015] for equation and description). For the pCDM solutions F = 199, which for the
large number of data points and the nine additional parameters for the second source, is significant at
the 99% confidence level. The pCDM source maps (Figures S4 and S8) show locations and orientations
of the three force dipoles for each source that are similar to the potencies or ΔV for the CDM (see
Nikkhoo et al. [2017] for details). For the pCDMs the potency, ΔV, is simply the sum of the potencies
for each axis. The single-source pCDM solution is intermediate in location and mechanism between the
two-source solution. As such, it is less able to fit both the shape and extent of the observed LOS displa-
cements. In the case of the two-pCDM source model we can also look at the model parameter

Figure 3. Two source CDM solution modeled InSAR line-of-sight (LOS) surface displacement rates for the 2013.25–2016.4
time interval. For each (left column) observed InSAR time series linear velocity we show the (middle column) synthetic
displacements given by the source model and (right column) the residual. For each data set: (a) RSAT2 descending, (b) CSK
descending, and (c) CSK ascending track, the satellite heading (gray arrow), look direction (black arrow), and incidence
angle are indicated in the lower left corner.
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covariances in addition to the PDFs (Figure S7). In general, significant covariance occurs between the ΔVs
and the source locations and depths, both within the same source and between sources. Some of these
coupled variations in parameters for influx volume and depth are easily understood—the deeper the
source the greater the influx volume required to maintain a given magnitude in surface displacement.
The coupling between sources is strongest in depth, with opposing covariance in depth—as the deep
source moves slightly deeper the shallower one moves toward the surface in compensation. However,
it should be noted that the inferred uncertainties in these location parameters are relatively small (0.1–
0.2 km in depth and <0.1 km in easting and northing; Figure S6).

The root-mean-square (RMS) solution errors are 0.0029, 0.002, and 0.0019 m for the single pCDM, two-source
pCDM, two-source CDM solutions, respectively (Table 1). This shows that the CDM solution is about 5% better
than the two-source pCDM solution, with the single-source pCDM about 50% poorer in fitting the data. The
finite CDM is better able to fit the extended deformation relative to its source depth and the length and orien-
tation of the CDM, not surprising considering the improved fidelity of the CDM solution relative to the pCDM
for finite, laterally extended sources [Nikkhoo et al., 2017].

We also compare the pCDM results for the UAVSAR data and the InSAR time series for the 2013 to 2014 time
interval. We use two pCDMs and find similar results to those for the 2013–2016 InSAR time series linear LOS
rates. Themodel fit to the six InSAR data sets (Figure S9), the PDF distributions (Figure S10), and solution force
dipoles (Figure S11) differ mainly in source depths, with the 2013–2014 depths both deeper and shallower
compared to the deep and shallow pCDM solutions for the 2013–2016 interval. Because of these shifts, the
size for each source in the 2013–2014 interval is larger and smaller for the deep and shallow sources, respec-
tively. These model differences lie beyond their formal uncertainties shown for their distributions (Figures S6
and S10). We interpret these source differences as most likely reflecting data noise due to residual atmo-
spheric effects, rather than true variations in the source locations. Atmospheric effects are particularly signif-
icant for the UAVSAR interferograms and can also affect InSAR time series, especially over shorter time
intervals. UAVSAR interferograms can also suffer from residual aircraft motion effects.

Figure 4. Two source CDM solution posterior probability density functions (PDFs) for each parameter. (a) Deep CDM source. (b) Shallow CDM source. The label for
each parameter is given above each subplot. The number adjacent parameter label gives the mode value, and the plus and minus 95% confidence bounds are
indicated in the PDF plots by dashed gray lines.
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4. Discussion

There are three interesting aspects to the Copahue source solution that warrant further discussion: (1) the
interpretation of the solutions themselves, (2) the comparison of these solutions to other observations from
the volcano since the onset of unrest in late 2011, and (3) the relationship of the source to seismicity and
eruptive activity.

4.1. Deformation Source Implications

First, the asymmetry in the surface deformation indicates the need for a source extending from the Copahue
edifice toward the caldera interior. Given the different viewing geometries of the satellite InSAR data and the
apparent asymmetry between the ascending and descending time series linear velocity maps, we consider
inverting for the three-dimensional displacements. We performed a least squares inversion of the three
InSAR time series for the 2013.25–2016.4 interval up (U), northing (N), and easting (E) components
(Figure 6) using the method of Hu et al. [2010]. As expected, the N component has very noisy values

Figure 5. Two-source CDM solutions (magenta) and volcano tectonic (VT) seismicity from the OVDAS catalogue for events
with location quality A and B. (a) Side view from the west. (b) Map view, area corresponds to box shown in Figure 1.
Dashed black lines north of the sources roughly parallel the two bands of seismicity in the northwest portion of the caldera,
similar to the mapped faults (Figure 1) extending to the north of the caldera. (c) Histogram of the number of volcano
tectonic (VT) events per week. Color in the histogram and Figures 5a, 5b, and 5d correspond to the date of the earthquake.
Seismicity circle size scales with local magnitude (ML), legend given in Figure 5b.
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reflecting the poor constraint on it due to the mostly E-W viewing direc-
tions of the SAR satellites, which normally allows for the inversion of
only the mostly U + N and E components [e.g., Lundgren et al., 2004;
Milillo et al., 2016]. Nonetheless, the U and E components show that
there is a significant asymmetry from west to east, with both profiles
extending more to the east than to the west of the summit, as
expected for an asymmetric source plunging into the caldera to the east
(Figure 7a).

It is worth noting that the highly elongated shapes of the two CDMs are
outside the moment ratio regimes for pressurized ellipsoidal cavities
(from pancakes to cigar-like ellipsoids) as shown in Figure S12
[Nikkhoo et al., 2017]. A more apt comparison might be to the open
and closed conduit models of Bonaccorso and Davis [1999]. If we com-
pute a very elongated CDM source (Figure S13a), we find that the cen-
tral dimple in the peak vertical uplift, as well as the horizontal radial
displacements, becomes more extreme, more similar to the open con-
duit model (Figure S13b) than to the closed conduit model (Figure
S13c). As the radius of the conduit in Figures S12 and S13 is reduced,
the CDM is exactly equivalent to the open conduit case. In our case
the deep highly elongated source is shallowly plunging to the ENE, such
that the effects of being open or closed may be muted. Nonetheless,
the numerical implications of the very elongated source’s displace-
ments are that there would be minimal “push” at the “ends” of the
source as expected for the closed pipe, but instead, it behaves more like
the open pipe solution. Numerically, the very elongated CDM is unable
to produce a very elongated closed pipe solution, though as the CDM
becomes less extreme it plots in the ellipsoidal regime in Figure S12.
In the case of the shallow CDM, assuming its near-vertical orientation
as vertical, we find that its vertical and horizontal displacements
(Figure S14) lie between those of an open and closed pipe for the same
dimensions and depth range.

The deformation data alone cannot provide a unique interpretation of
the source model. However, our deformation modeling suggests a
few options:

1. Both CDMs represent conduits.
2. For the deep CDM: a network of intersecting dikes and sills, sub-

jected to opening. In this case, they would still have to occupy a
rather narrow zone that follows the shallow plunge of the deep
CDM. For the shallow CDM: a shallow magma chamber.

3. The deep CDM represents the uppermost part of a large magma
body. In this case only the top would yield the observed deforma-
tion due to properties of the magma body, such as composition or
fluid zonation [Kazahaya et al., 2002]. In contrast, a narrow topped,
deeply rooted body under constant change in overpressure would
give a distinct deformation signature related to its depth extent that
is not evident in the Copahue data, unlike for the case of a broad,
shallow sill with a conical deep root [Yun et al., 2006].

4.2. Comparison With Seismicity

It is important to compare the InSAR-constrained solution with
observed volcano tectonic (VT) seismicity and volcano activity. We con-
sider unrelocated seismicity from the Southern Andes Volcano
Observatory (OVDAS). The OVDAS locations in the catalogue haveTa
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depths relative to zero elevation; however, OVDAS considers the reference elevation at over 3600 m, but this
is clearly too high for Copahue, which barely reaches 3000 m, with the low elevation portion of the Agrio-
Caviahue caldera below 2000 m. The mean elevation of our InSAR data is 2009 m. In lieu of estimating an
exact elevation shift for the solution and the seismicity we simply leave them referenced to zero elevation.
We compare the VT OVDAS seismicity with high location quality (A and B) rankings to the CDM two-source
model (Figure 5). Comparison of the CDM solutions with the VT seismicity shows an interesting correlation.
In map view we see that the seismicity roughly trends along with the deep shallowly plunging source.
Viewed from the south, we see that the deep source lies just below and at a similar plunge as the lower
bound of the main seismicity cloud. We also find that the shallower source cuts up through the near
summit seismicity, although a gap in the seismicity there is unclear. In map view there are two roughly
parallel bands of seismicity that extend to the north from roughly the middle and eastern end of the
source, likely linked to the Copahue-Antiñir fault zone (CAFZ) [Melnick et al., 2006; Folguera et al., 2016].
It is worth noting that the eastern extent of the seismicity is within about 2 km of the eastern extent of the

Figure 6. Inversion of InSAR time series linear LOS displacement rates into three-component displacement fields for the
2013–2016 interval. Bold black lines mark faults and caldera boundary, with the summit craters located near the origin.
The COSMO-SkyMed (a) (CSK) ascending, the (b) CSK descending, and (c) RADARSAT-2 (RSAT2) descending track data are
inverted into the (d) up, (e) north, and (f) east components using the approach of Hu et al. [2010]. The blue horizontal 11
pixel-wide stripe in Figure 6d is centered on the profile location shown in Figure 7a. The black arrows in Figures 6d and 6f
point to normal faulting discontinuities with the long dashed line marking the profile shown in Figure 7b, and the short
dashed box outlines the zoomed in areas shown in Figures 6g and 6h for the up and east rates, respectively. In Figures 6g
and 6h the arrows point to the graben-bounding Copahue fault, the two thin parallel lines mark the bounds for the profiles
in Figure 7. The two NNW-SSE parallel lines in Figures 6g and 6h show the actual width of the profile (dashed line in
Figures 6d and 6f) whose average values along the profile are shown in Figure 7b.
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deep source. Together, these observations suggest that (1) there is a good correspondence between the VT
seismicity and the deformation source and (2) the depth and extent of the source and VT seismicity are
complementary. For (2) the implication on the depth and trend in depth of the deeper extent of the main
VT seismicity cloud is that the deep source lies directly beneath this seismicity. This fits with observations
from other volcanoes, such as Mount Etna, where the volcano source forms a “hole” in the VT seismicity,
which is concentrated above or to the sides of the source due to higher stress changes surrounding the
source [Patanè et al., 2003]. We do not plot the error bars for the seismicity locations; however, the mean
standard deviations in the horizontal (1.2 km) and vertical (0.6 km) locations do not significantly affect our
inferences regarding their locations relative to the sources.

Also, it is interesting to note that our model matches reasonably well with results on the spatial distribution of
the seismicity magnitude-frequency b value [Lazo et al., 2015]. Updated b value analysis, based on the VT seis-
mic event catalogue from OVDAS for the period December 2012 through September 2016, shows two high b
value volumes similar to the two CDM sources as well as the locations of active seismic and hydrothermal
activity (Figure 8). The spatial b value was calculated by means of the Ishimoto and Iida [1939] and
Gutenberg and Richter [1944] methods for magnitude frequency distribution. Using 6172 well-located
earthquakes, their spatial distribution was determined with a grid spacing of 100 × 100 m, taking a radius
of 1.5 km and a minimum number of 80 events per calculation. Both of the high b value regions are related
to a production of low magnitude VT events, evidence of regions with more fragile and heterogeneous

Figure 7. (a) Up (blue) and east (red) component relative motion profiles for the E-W profile location shown in Figure 6d.
The asymmetry in both profiles reflects both the two sources and their relative locations and geometries. (b) Up and east
displacements along the profile crossing the NE trending faults shown in Figure 6d and 6f by the dashed line.
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characteristics like hydrothermal andmagmatic zones. Analyzing the 3-D distribution, it is possible to observe
two possible structures delimited by the high b values, one sketching a vertical conduit below the active
crater to more than 6 km depth and the other one extending quasi-perpendicular to the first zone below
2 km depth (Figure 8b.). Together, they define an L-shaped structure, reflecting a possible conduit and
magmatic reservoir below Copahue volcano. However, there are differences between the spatial
distribution of high b values and our solutions for two CDMs: (1) the high b value structure trending NE
from the central conduit below 2 km depth is more aligned with the Copahue faults and the NE flank
hydrothermal system, suggesting that it does not reflect the deep deformation source in our model. (2)
The high b values extending directly beneath the summit craters through at least 6 km depth does
coincide roughly with our shallow source. However, it extends deeper than our geodetically determined
source, which likely reflects (1) the resolutions of both the geodetic inversion and the b value technique in
resolving the actual spatial dimensions and (2) that each observation does not correspond to the same
process (e.g., the surface deformation is only sensitive to the location of the volume change, whereas the b
value reflects the broader changes to mechanical properties of the continuum surrounding the sources).
This highlights the multiple interpretations for high b values, which suggests that some of the higher b
values to the NE of Copahue’s summit may reflect fluid processes in the NE trending Copahue fault zone.

The two parallel bands of VT seismicity to the north of the deep source lie mostly within the caldera, with
some events lying north of the caldera between the two main, right-lateral strike-slip faults of the southern
CAFZ [Melnick et al., 2006; Folguera et al., 2016]. Crosscutting this area of the NW caldera is the Copahue fault,
a zone of N60°E trending, NW verging thrusts related to the Chancho-Co anticline [Melnick et al., 2006; Bonali
et al., 2016; Folguera et al., 2016]. Given the fault complexity within this area of the NW caldera and the appar-
ent northern trends to the seismicity pattern, we compute the Coulomb stress change [Stein et al., 1992; King
et al., 1994; Toda and Stein, 2003] for both vertical, N10°E striking, right-lateral strike slip (RLSS) and 60° dip-
ping (to the NW) S60W striking thrust and normal faults (Figure 9). We show the Coulomb stress change
(ΔCFS) for depth slices at the near surface (0.25 km depth) and at 5 km depth. For each we show the
OVDAS VT seismicity for depth ranges of 0–2.5 km and 2.5–7.5 km. For the RLSS case we see that the north
trending bands of seismicity fall within the zone of positive ΔCFS, suggesting promotion of these events
within both depth slices (Figures 9a and 9b). The thrust motion on the Copahue fault system would not be
promoted at either depth (Figures 9c and 9d). Instead, we see that normal motion would be promoted,
although some variation in the pattern would occur with changes in dip angle (Figures 9e and 9f).
Regarding the RLSS events, it is also worth noting that the north trending seismicity has only a few events
that occur outside the caldera to the north and that these events occur beyond the area with positive
ΔCFS, suggesting the extent of positive ΔCFS controls the northern limit to these events. It should also be
noted that these ΔCFS computations were carried out assuming a particular effective friction (μ0 = 0.5),

Figure 8. Spatial b value variations based on the VT seismic event catalogue from OVDAS for the period December 2012
through September 2016. For reference, we also plot the two-source CDM solution. (a) Plan view for a slice at 6 km depth.
Results reveal two high b value anomaly zones, one extended zone extending up to 10 km NE from the active crater and
a second zone around the active crater (map view). CDM outlines are in white; portion of CDMs shallower than the 6 km
slice is colored magenta. (b) Three-dimensional perspective view, from S30°E and 10° elevation angle, of b value
horizontal slices from 0 to 10 km depth at 2 km intervals. Here we observe the first high b value zone (reddish colors) to the
NE of the summit spans a depth between 2 and 8 km, while the zone around the crater extends from the surface to 8 km
depth. Two-source CDMs are colored magenta with black outlines.
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receiver fault geometry, and without considering regional stresses, all of which will affect the ΔCFS pattern
[King et al., 1994].

The case for normal fault motion derives from the observation in the three-dimensional (3-D) surface displace-
ment rate inversion of fault motion trending to the NE along the NE flank of Copahue (Figure 6). This feature is
quite evident in the InSAR time seriesmean velocities (Figure 2), but it is the decomposition into the 3-Ddispla-
cements, effectivelyupandeast since thenorth component is unconstrained that allowsus to see there are two
parallel faults. These two faults aremost evident in the east component (Figure 6f) where the north sidemoves
to the west relative to the south side of each fault. Instead, if we look at the up component (Figure 6d), we see
that they constitute a graben, with the area between the two faults subsiding relative to the flanks. In profiles
across the structures (black arrows in Figure 7b) we see the downward displaced axial graben and horizontal
motion reflecting extension. This fits with the Coulomb stress change calculations (Figures 9e and 9f) showing
promotionofnormal faultmotion. Essentially, this is not surprising since thecrust abovean inflatingbody, com-
posedofboth vertical and radial horizontal displacements,wouldpromotegraben formation andare very simi-
lar to structures seen in laboratory experiments for volcano inflation and caldera formation [Acocella, 2007].

It is useful to compare our CDMmodeling results (Figure 5) to prior InSAR modeling results. Velez et al. [2011]
studied a period of subsidence from 2002 to 2007 using Envisat SAR data, computing time series LOS mean
velocities from both ascending and descending tracks. During this time period they found maximum subsi-
dence rates of nearly 2 cm/yr. Similar to the current episode, the ascending and descending tracks had similar
patterns. Velez et al. [2011] modeled a single source, comparing solutions for either a Mogi or spheroidal
source. Both solutions were located at 4 km depth, with the spheroidal source the preferred solution. Velez
et al. [2011] interpreted the subsidence and source solution in terms of the release of briny fluids through
a sealed carapace, some 3–4 km beneath the summit, at the brittle-plastic transition above a deeper magma
body. The depth of the Velez et al. [2011] subsidence source is intermediate between our solutions. Since they
only modeled a single source in this paper, it is possible there were two sources involved and that their

Figure 9. Change in Coulomb fault stress (ΔCFS) for the CDMmodel (shown in Figure 5) for (a, b) right-lateral vertical strike-
slip (RLSS) striking N10°E, for (c, d) S60W striking, 60° dipping thrust faults, and for (e, f) S60 W striking, 60° dipping normal
faults. VT seismicity is from the OVDAS catalogue for events with location quality A and B. For plots Figures 9a, 9c, and 9e
the ΔCFS is shown at a depth of 0.25 km with seismicity in the depth range from 0 to 2.5 km. For Figures 9b, 9d, and 9f the
ΔCFS is for a depth of 5 km with seismicity in the depth range from 2.5 to 7.5 km. The two CDM sources are shown in
magenta. For all ΔCFS solutions we use the calc_coulomb function from the Coulomb34 package by S. Toda (toda@rcep.
dpri.kyoto-u.ac.jp; https://earthquake.usgs.gov/research/software/coulomb/). We use an effective friction of 0.5 and equal
Lamé coefficients of 30 GPa.
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single-source model solution found a depth intermediate between those for a two-source model. Under that
scenario the interpretation might be that both the deep and shallow sources deflated together, thus under-
mining the sealed carapace interpretation.

More recently, Velez et al. [2016] modeled both the 2002–2007 and the 2011–2012 portion of the current
unrest, comparing the results for point, spheroidal, and tensile dislocation sources. They found solutions
located between 7.5 and 9 km beneath the surface for the current unrest, with the shallower depth found
for the point and spheroid sources and the deeper one found for the tensile dislocation (sill) source. Velez
et al. [2016] preferred the spheroidal source solution since the sill-like dislocation source extended beyond
the edifice into the caldera. In order to reduce a positive residual on the volcano’s northern flank, Velez
et al. [2016] added a conduit that they approximated by a high aspect ratio, prolate, inclined spheroid.
Their best fit conduit solution was located at 2 km depth beneath the edifice. Conceptually, their two-model
solution has similarities with our own: a shallow conduit lying above a deeper source. The main difference
between the Velez et al. [2016] solution and ours lies in the inclined orientation of our deeper source and
the greater depth separation between their sources. It is also worth noting that their volume change (δV),
the amount the surrounding medium deforms for a change in pressure within their source volume [see
Nikkhoo et al., 2017, equation (10)], for the 2011.75–2012.25 (half-year) interval for their two-source solution
(δV = 0.050 km3/yr if assumed a rate) is considerably larger than our two-source pCDM potency change (ΔV)
solution (Table S1) for the 2013–2014 interval (ΔV = 0.029 km3/yr), even though the LOS rates in the ascend-
ing tracks were similar (~8 cm/yr). The potency ΔV E and volume change δV E of an ellipsoidal cavity are related
through ΔV E = δV E + pV/K, where p is the pressure change and K is the bulk modulus [Nikkhoo et al., 2017]. In
the case of a Mogi source in a Poisson solid ΔVMogi = 1.8δVMogi, and in the limit of a planar crack ΔV = δV since
there is no initial cavity volume V. Therefore, for the same observed deformation the potency of a CDM solu-
tion equivalent to a point sphere (Mogi source) should be 1.8 times larger than the volume change derived
for the Mogi source. Our problem is the reverse, with ΔV < δV, requiring a more fundamental reason for this
discrepancy. Some of the differences between their models and ours may be due to their more restricted
time interval and having only ascending track data, which likely restricts their model resolution. We also point
out that during 2012 we find LOS rates for the descending track time series of approximately 12 and 15 cm/yr
for RSAT2 and CSK, respectively. This would imply higher rates of volume change prior to the December 2012
eruptions, which would likely reduce this discrepancy.

Our modeling of the current inflation episode involves both a shallow conduit-like source and a second dee-
per source. The VT seismicity, despite limitations in location precision (standard deviations of 1.2 km in hor-
izontal and 0.6 km in depth locations) and accuracy due to uncertainties in the velocity structure and
reference depth, suggests that the hypocenters are located in close proximity above the modeled sources.
Taken at face value, the dimensions and aspect ratio of the deep CDM are unexpected. Numerically, the
MCMC solution is allowed to blindly find the best fitting set of two sources to fit the data. In its most literal
interpretation the modeled deep source would represent an open pipe, although the CDM solution does
not produce a very elongated closed pipe model, and its shallowly reclined orientation means that the defor-
mation is relatively insensitive to it being open. It would represent an inclined conduit, some 160–320 m in
diameter and 9 km long. This source appears to connect the shallow near-summit magma body with a dee-
per source that did not produce resolvable deformation during the study period. However, as mentioned at
the end of section 4.1, there are other plausible interpretations either in terms of an inclined plexus of inter-
secting dikes and sills or the upper extent of a deeper magma reservoir whose primary body does not pro-
duce resolvable deformation (Figure 10). It is worth noting at this point that although our interpretation is
but one scenario (Figure 10) the highly elongated shape and orientation of the deeper source, pointing from
beneath the shallower source toward the center of the caldera, favors a zone of magma transfer (and volume
change) from a central caldera source. The lack of a detectable geodetic signature from this deeper caldera
source implies that its volume change during this time interval was insignificant relative to its depth,
although other volcanoes in the central and northern Andes have produced detectable deformation from
deeper sources [Pritchard and Simons, 2002; Fialko and Pearse, 2012; Pearse and Lundgren, 2013; Remy et al.,
2014; Lundgren et al., 2015].

The shallower source, though less elongated, falls outside the ellipsoidal cavity regime in the moment ratio
plot (Figure S12). We model the deformation as resulting from two sources; however, the proximity of the
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lower end of the shallow source with the shallower portion of the deeper source suggests that they might
represent a single source with a more complex geometry or, at least, two sources that are well connected.
This high connectivity is supported by the constant shape of the surface deformation with time.

The rate of influx volume for the CDM and pCDM sources is fairly similar. For the 2013–2016 time interval the
influx volume rates are 13.2, 13.2, and 11.0 × 106m3/yr for the CDM two-source, pCDM two-source, and pCDM
one-source, respectively. The somewhat smaller ΔV for the single pCDM solution reflects its inability to fit well
all the observations and the resultant higher misfit. For the 2013–2014 interval the rate of influx volume
(29.3 × 106m3/yr) is more than double that for the 2013–2016 interval, which reflects the higher deformation
rate in the first 2 years of unrest.

Although no quantitative assessments of erupted volume are found for the 2012–2016 eruptions, the assess-
ment of volcanic explosivity index (VEI) 2 eruptions in late December 2012 [Caselli et al., 2016b] corresponds
to ejecta volumes greater than 1–10 × 106 m3, based on the scaling relationship built into the VEI scale
[Newhall and Self, 1982]. Following the 2012 eruptions, we see only a slight reduction in the inflation rate, sug-
gesting that these small eruptions did not significantly reduce the accumulated pressure increase within
Copahue’s magmatic system. In fact, as mentioned before, more eruptive episodes occurred through 2016
(OVDAS reports).

4.3. Comparison With Summit Activity

Copahue volcano is an interesting case of ongoing inflation accompanied by eruptive activity. As we have
already seen for the VT seismicity (Figure 5c), it starts soon after the start of inflation, with increasing num-
bers of events through 2015–2016. Previous studies have associated the activity to a delayed response fol-
lowing the 2010 Maule (Mw 8.8) earthquake that would have caused unclamping of the main north and NE
oriented vertical faults at Copahue and promoted fluid migration into the volcano from depth [Bonali,
2013]. High-quality location VT seismicity at Copahue is not at resolvable numbers in Figure 5c until
2013, after the December 2012 eruption, with the largest numbers of earthquakes reaching maxima in
2014 and 2015, before starting the longest and last eruptive episode characterized by quasi-continuous
strombolian activity. Since roughly half of the surface deformation occurred after 2012, this might suggest
that VT events were stimulated by increasing Coulomb stress changes due to movement of new magma
toward the surface.

Figure 10. Conceptual diagram for the Copahue volcano-Agrio-Caviahue caldera system. The view is from the south. In red
are the modeled CDM solutions; black dots are the OVDAS VT seismicity. Topography profile crosses the summit of
Copahue. Dashed lines mark nominal caldera bounding faults; locations and dips are speculative. The eastern end of the
deep CDM source suggests that it acts as a zone of magma transfer from a source beneath the center of the caldera, whose
depth and size are unknown (gray semiellipse). At shallower depths from the summit of Copahue to the NE lies a hydro-
thermal system. The stippled region extending from the deep source to beneath the deep CDM source represents the
transfer zone of uncertain dimensions.
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The inflation time series, which is characterized either as piecewise linear or as an exponential decay (Figure 2),
might result from different mechanisms [Dzurisin et al., 2009]. In the absence of eruptive activity (i.e., pressure
release), exponentially decreasing inflation rates can be explained conceptually by (1) a hydraulically coupled
system of deep and shallow magma reservoirs connected by a conduit [Reverso et al., 2014] or (2) viscoelastic
relaxation following pressurization of a magma reservoir with a viscoelastic shell [Dragoni and Magnanensi,
1989; Newman et al., 2001, 2006]. Hydrothermal system models can also exhibit time-dependent behavior
due to a pulse of heating at the base of the system, possibly leading to very large displacements for caldera
systems such as Campi Flegrei, Italy [Gaeta et al., 1998]. However, the hydrothermal system at Copahue is
likely restricted to within 1–2 km depth [Varekamp et al., 2009; Agusto et al., 2013; Varekamp et al., 2016]
and would not explain the deformation time series that is dominated by the signal from the deeper source.

Distinguishing between these various mechanisms might be accomplished with microgravity observations,
assuming that the deformation source is adequately constrained and that corrections to topography, vertical
deformation, groundwater, and magma compressibility [Rivalta and Segall, 2008] can be made to estimate
mass changes that combined with volume change estimates infer the density of the intrusion [Battaglia
et al., 1999; Battaglia and Segall, 2004; Battaglia et al., 2008]. With regard to the hydraulically coupled system
(1), there is no geodetically resolved deformation signature for a deeper source. The two-chamber model
[Dvorak and Okamura, 1987], typically invoked to explain exponentially decreasing inflation following an
eruption, [Lu et al., 2003], involves pressure balance between the shallow and deep reservoir with considera-
tion of the magma flux into the deep chamber as well as the conduit connecting the deep to shallow cham-
bers [Reverso et al., 2014]. In the case of Copahue this could mean that the chamber volume change is either
too deep or too low in volume change to produce resolvable deformation with InSAR. It is instructive to look
at other systems that might place constraints on the magnitude of volume change and depth permitted. For
example, Nevado del Ruiz volcano (NRV) recently experienced inflation from a source located 14 km beneath
the surface with a volume change rate of ~40 × 106 m3/yr, which produced an LOS uplift rate of 3 cm/yr. Our
estimate for the Copahue volume change rate is around one third to two thirds that of NRV. Such a LOS rate
might be evident in the Agrio-Caviahue caldera; however, at NRV the deformation signal spanned some
30 km, roughly the size of the map area in Figure 2. The lack of any such signal suggests that a more likely
interpretation would be that any flux of magma from the deeper to shallower chamber (where shallower
means both our modeled sources) would be compensated by influx from below into the deep caldera cham-
ber, a hypothesis we cannot test with the geodetic data alone.

The existence of eruptions in 2012 and continual eruptive episodes, as well as gas emission over the period of
this study, implies that Copahue is a partially open system. It is interesting, however, that the VT seismicity
rates increased and gas flux remained high [Carn et al., 2017] since the phreatomagmatic eruption in
December 2012 [Caselli et al., 2016a, 2016b]. This might suggest that these processes are related to stress
increases as volume changes increased at depth and the movement of new magma batches to the surface,
giving rise to increased numbers of VT events, possibly facilitating increased gas flux and new magmatic
eruptive episodes.

5. Conclusions

InSAR time series from RSAT2 descending and CSK ascending and descending track data for the 2011–2016
unrest period show an asymmetric inflation pattern that started abruptly in late 2011, grew at roughly con-
stant rate (approximately 12 and 15 cm/yr LOS on the RSAT2 and CSK descending track time series) through
the main eruptions in December 2012, followed by slightly lower rates of inflation since. Total accumulated
RSAT2 and CSK descending track LOS displacements were ~30 and 36 cm, respectively, over 4 years (2012–
2016). During the final year of this study (2016) it is unclear whether inflation slowed or possibly stopped,
given the uncertainty in the InSAR time series; however, additional RSAT2 data through early 2017 show that
inflation continues. We also examined repeat-pass UAVSAR airborne data in 2013–2015. The best set of inter-
ferograms for modeling were for 2013–2014 and show inflation consistent with the satellite time
series observations.

We modeled the InSAR time series linear velocity deformation maps from 2013 to 2016 using the compact
dislocation model (CDM) and, for comparison, the point CDM (pCDM) of Nikkhoo et al. [2017]. This time inter-
val allowed us to use time series mean LOS velocities from three satellite tracks (two descending and one
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ascending) in order to provide the best constraint on the sources. We found that a two-source model was
required for Copahue and that the CDM gives a slightly improved fit to the data compared to the pCDM
two-source solution, with the latter solution giving a significantly better fit to the data compared to the
single-source pCDM based on an F test. Models using the pCDMs give results with a similar interpretation
as the CDM solution. Models for the six InSAR data sets (three satellite and three UAVSAR) that covered the
2013–2014 time interval were computed for the two pCDMs. The results are similar to the two pCDM solution
for the 2013–2016 InSAR time series satellite data sets.

The preferred two-source CDM gives an interesting, and somewhat surprising solution. The shallow source is
elongated, steeply plunging, and centered at 2.5 km beneath the surface, which can be considered to be the
2000m average elevation of the InSAR data, as shown in Figure 10, thus placing the shallow source roughly at
sea level. The second source is much deeper, centered at 7 km below the surface (5 km below sea level), but
with a highly elongated, pipe-like shape plunging 25° to the east, whose shallow end lies beneath the shallow
summit source and whose deeper end extends into the center of the caldera. The location and orientation of
the deep CDM source fits well with the deeper extent of VT seismicity, suggesting that the seismicity is related
to stress changes due to the deep source’s volume change, whereas the spatial variation in b values are sen-
sitive to both the central conduit as well as processes linked to the NE flank fault and hydrothermal systems.
While a literal interpretation of the deep CDM source as a narrow (~160 × 320 m cross section) conduit does
not fit with typical geodetically constrained volcano sources, it does suggest that much of the surface defor-
mation during the most recent inflation of Copahue volcano occurred in a narrow transfer region between a
deeper, unresolved source beneath the caldera and a shallow reservoir beneath Copahue’s summit.
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