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ABSTRACT

Uturuncu volcano, located near the borders of Chile and Bolivia in the Cen-

tral Andes, has been identi�ed as one of two volcanoes in the region with large-

scale and active, yet decelerating, in�ation. A large low-velocity zone named 

the Altiplano-Puna magma body (APMB) has been shown to feed magma to 

Uturuncu and is thought to be a source of the deformation occurring here. 

The international, multidisciplinary PLUTONS project deployed 28 broadband 

seismic sensors in a 90 km by 90 km region around and on Uturuncu volcano 

between April 2010 and October 2012. Over 800 teleseismic receiver functions 

have been generated and stacked in order to constrain the depths to the top 

and bottom of this magma body, as well as the depth to the Mohorovičić 

(Moho) discontinuity. Depths to the top of the magma body are, on average, 

~8 km below mean sea level (bmsl), and it has an average thickness of ~9 km. 

This thickness, however, changes directly under Uturuncu to ~6 km. Depths to 

the Moho discontinuity are shown to be highly variable over a short distance 

(less than 100 km), between 39 and 70 km bmsl, with signi�cant upwarping 

beneath Uturuncu volcano. This study provides a better resolution than previ-

ously shown for the depths to major boundaries in the crust beneath Uturuncu 

and shows the lateral heterogeneity of the top and bottom of the APMB, as 

well as that of the Moho. In addition, the upwarping in the Moho and the bot-

tom of the APMB coincide with an elongated vertical feature seen in tomogra-

phy studies of the crust beneath Uturuncu volcano.

INTRODUCTION

The Central volcanic zone (CVZ) along the South American active margin is 

formed by subduction of the Nazca plate under the South American plate (e.g., 

de Silva, 1989; de Silva and Francis, 1991). The CVZ contains an active volcanic 

arc caused by this convergence and includes areas of Peru, Chile, southwest-

ern Bolivia, and northwestern Argentina (e.g., de Silva, 1989; Allmendinger et 

al., 1997). Known as the Altiplano-Puna volcanic complex (APVC), this prov-

ince within the CVZ is the result of a large, young “ignimbrite �are-up” that 

occurred less than 11 Ma in the Late Miocene (e.g., de Silva, 1989). The APVC 

comprises one of the most sizeable yet youngest active silicic volcanic regions 

with recently formed calderas on the planet (e.g., Baker and Francis, 1978; de 

Silva, 1989; de Silva et al., 2006b; Michelfelder et al., 2013).

The APVC, and thus, southwestern Bolivia, is underlain by a large sill-like 

structure known as the Altiplano-Puna magma body (APMB) (e.g., Zandt et 

al., 2003), which is evidenced by low seismic velocities (e.g., Chmielowski et 

al., 1999; Zandt et al., 2003) and low electrical resistivity (e.g., Schilling et al., 

2006; Comeau et al., 2015), as well as high seismic attenuation (e.g., Haberland 

et al., 2003). The APMB region is unusually large for a magma body, ~50,000 

km2 between 21° and 24° S and 65.2° and 68.5° W. Considered to be the largest 

continental crustal magma reservoir in the world with a diameter of 200 km 

and a volume of 500,000 km3 (e.g., Ward et al., 2014; Perkins et al., 2016), it is 

thought to be generated by crustal magmatism, which, in turn, is caused by 

decompression melting from delamination and slab roll-back (e.g., Kay and 

Kay, 1993; Allmendinger and Gubbels, 1996; Allmendinger et al., 1997; Kay and 

Coira, 2009; Kay et al., 2010; Ward et al., 2014; Pritchard and Gregg, 2016). The 

thickening of the lithosphere, caused by the collision of the Nazca and South 

American plates, induced crustal shortening and delamination (Isacks, 1988; 

Kay and Kay; 1993). Less dense asthenosphere moved into the space between 

the foundering slab and the base of the continental lithosphere (Kay and Kay, 

1993). This “pushed” the delaminating slab “backwards.” Currently, the APVC 

ignimbrites are speculated to have a common mid-crustal source identi�ed as 

the APMB (e.g., de Silva, 1989; Ort et al., 1996; Schilling et al., 1997; Schmitz et 

al., 1997; Chmielowski et al., 1999; Zandt et al., 2003; de Silva et al., 2006a; de 

Silva et al., 2006b; Sparks et al., 2008; del Potro et al., 2013; Muir et al., 2014; 

Ward et al., 2014). Some studies, however, suggest that the APVC ignimibrites 

equilibrated at a depth that is shallower than the APMB (e.g., Lindsay et al., 

2001; Schmitt et al., 2001).

Uturuncu volcano (22°15′S, 67°12′W), located in the Altiplano-Puna region 

of southwestern Bolivia (Fig. 1A), is a dacitic composite volcano of Pleistocene 

age, whose last eruption was ~270,000 years ago (e.g., Sparks et al., 2008). It is 

~125 km east of the active frontal Andean volcanic arc (e.g., Michelfelder et al., 

2014) and is in a region where the crust is estimated to be ~70 km thick (e.g., 

Sparks et al., 2008). At 6008 m above mean sea level, Uturuncu is the highest 

peak in southwestern Bolivia and well above the average regional elevation 

of 3800 m (e.g., Sparks et al., 2008; Jay et al., 2012) and above the average 

local elevation of ~5000 m (M. Pritchard, 2017, personal commun.). While the 

eruptions from Uturuncu have been mainly effusive in nature, the eruptive 

episodes have spanned ~620,000 years with a total of ~105 lava �ows and 

domes identi�ed and with repose intervals of 6000–8000 years (e.g., Sparks et 

al., 2008; Michelfelder et al., 2014).
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Figure 1. (A) Map of South America showing the 

location of Uturuncu volcano (red triangle) in the 

southwest corner of Bolivia. Approximate study 

area is provided by red box. (B) Map showing 

station locations at Uturuncu volcano. Uturuncu 

is depicted as a red triangle in the center of the 

map. Labeled black stars show locations of seis-

mic stations. Digital elevation model was down-

loaded from the GMTSAR Web site (topex.ucsd.

edu /gmtsar /demgen/). (C) Map of event locations 

(red dots) used in this study. Eckert VI projection 

was used.
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Uturuncu has a high seismicity rate (~2–3 events hourly) when compared to 

other nearby volcanoes. This shallow seismicity generally has source depths 

of 3–4 km bmsl, or 7–11 km below the surface (e.g., Pritchard and Simons, 

2004; Sparks et al., 2008; Jay et al., 2012; Hickey et al., 2013). Recent source 

depths calculated by West et al. (2013) show a more shallow distribution of 

events from ~1 km below Uturuncu’s summit to ~20 km below the surface 

(Kukarina et al., 2017; M. Pritchard, 2016 , personal commun.). The cause of the 

elevated seismicity is currently unknown but is thought to be either related to 

current uplift (Sparks et al., 2008) or to a shallow hydrothermal system heated 

by the APMB and is evidenced by active fumaroles near Uturuncu’s summit 

(e.g., Jay et al., 2012; Hickey et al., 2013).

Uturuncu has also been shown to be in�ating, based on InSAR data, at 

nearly 1–2 cm/yr since 1992, over an area that has a width of nearly 70 km 

(e.g., Pritchard and Simons, 2002; Sparks, et al., 2008; Henderson and 

Pritchard, 2013); however, this in�ation is decelerating (e.g., Henderson and 

Pritchard, 2017). The main deformation signal, according to geodetic studies, 

is centered ~4 km to the southwest of Uturuncu’s summit and is the only 

place within the boundaries of the APMB that has been shown to be actively 

deforming. This signal, which previous studies show to be sombrero-shaped 

with a central uplifting area and a larger surrounding “moat” (e.g., Fialko and 

Pearse, 2012; Walter and Motagh, 2014), has been attributed to the active and 

ongoing intrusion of magma into the APMB. The central uplifting region has 

a fracture ring with an approximate diameter of 51 km; this ring is causing 

a second, smaller “moat” around Uturuncu (Walter and Motagh, 2014). The 

larger “moat” has been subsiding at ~0.2 cm/yr over a 150 km diameter (e.g., 

Fialko and Pearse, 2012; Henderson and Pritchard, 2013; Hickey and Gotts-

mann, 2014). The volume change is estimated to be ~4 × 1010 m3 from 1992 to 

2006 (e.g., Pritchard and Simons, 2004; Sparks et al., 2008; Hickey et al., 2013; 

Walter and Motagh, 2014).

The depth to the source of this in�ation and surrounding subsidence is crit-

ical; it is what determines the spatial span of deformation (Hickey and Gotts-

mann, 2014). The outcome of this in�ux of material has yet to be predicted; it is 

currently unclear as to whether the intrusion will rise to the surface and erupt 

effusively as it has in the past, erupt more explosively with ignimbrite-forming 

eruptions, or whether it will simply accumulate and cool to form a pluton. The 

answers to these questions are critical to the hazard assessments for this re-

gion and can be found through a more detailed understanding of the magma 

plumbing system, including its depths, extents and/or shape, percent melt, 

and numbers of reservoirs and how they are connected.

Teleseismic receiver function analysis has proven to be a useful technique in 

the detection and characterization of crustal magma bodies such as the Socorro 

magma body (Sheetz and Schlue, 1992), the Aso caldera magma body (Abe et 

al., 2010), the Taupo volcanic zone (Bannister et al., 2004), and Mount Paektu 

(Kyong-Song et al., 2016), to name a few. Previous receiver function analyses 

of the APVC imaged a low-velocity zone at ~15–25 km depth from the surface 

with a 10%–20% reduction in seismic velocity from the surrounding crust (Yuan 

et al., 2000), with the possibility of an ultra–low-velocity zone (1 km/s) beneath 

Uturuncu volcano (e.g., Chmielowski et al., 1999; Leidig and Zandt, 2003; Zandt 

et al., 2003; Wölbern et al., 2009; Walter and Motagh, 2014). Ward et al. (2014), in 

a joint inversion of receiver functions and surface-wave dispersion, show these 

zones to have shear velocities of 2.9–3.2 km/s for the low-velocity zone, and a 

shear velocity of ~1.9 km/s for the ultra–low-velocity zone.

Coupled with the �ndings of Pritchard and Simons (2002) of a large defor-

mation signal at this volcano, these previous studies sparked an intense inter-

est in the crustal structure under Uturuncu. The PLUTONS—Probing Lazufre 

and Uturuncu Together: NSF (USA), NERC (UK), NSERC (Canada), Sergeo-

tecmin (Bolivia), Observatoria San Calixto (Bolivia), Universidad Nacional 

de Salta (Argentina), Universidad Mayor San Andres (Bolivia), Universidad 

de Poto Si (Bolivia), Sernap (Bolivia), Chilean Seismological Service, Univer-

sidad de San Juan (Argentina)—project deployed 28 temporary broadband 

seismic stations around Uturuncu volcano from April 2010 to November 2012 

(Fig. 2 and Supplemental Table S11). For this study, we have analyzed tele-

seismic receiver functions to better constrain the crustal structure beneath 

Uturuncu volcano and its surrounding area. These receiver functions have 

the potential to provide not only more accurate depths and thicknesses of the 

APMB but also to give a better idea of the shape of this feature, especially the 

topography of its upper and lower surfaces.

DATA

Twenty-eight three-component broadband seismometers (Guralp CMG-3T) 

were deployed around Uturuncu volcano as part of the PLUTONS project 

(Fig. 1B). The instruments were installed by direct burial at depths of 0.5–1.0 m 

to minimize surface effects. These stations were powered by 65 W solar pan-

els and 100 A-hr sealed lead acid batteries. Data were recorded on Reftek 

RT130 data loggers at 100 sps and were collected during service runs every six 

months throughout the deployment. The deployment period for these stations 

began in April 2010 and ended in November 2012 (Table S1 [footnote 1]). All 

data are also publicly available from the Incorporated Research Institutions for  

Seismology Data Management Center (IRIS DMC) Web site. Earthquake meta-

data with m
b
 = 5.5 and Δ (epicentral distance) = 28°–102° for direct P wave-

forms and Δ = 86°–173° for PP waveforms, were taken from the National Earth-

quake Information Center (NEIC) Preliminary Determination of Epicenter (PDE) 

database, and the waveforms extracted from the PLUTONS database (Fig. 1C 

and Supplemental Table S22).

METHODS

Receiver functions are an expression of the seismic impedance (the prod-

uct of density and velocity) contrasts below a seismic station, providing in-

sight to any changes in the velocity and/or density of, for example, the upper 

mantle and crust (e.g., Langston, 1979; Rychert et al., 2007; Frassetto and 

1Supplemental Table S1. Lists the names of the seis-

mic stations used in the PLUTONS array at Uturuncu 

Volcano, as well as the times of deployment and 

location information. Please visit http://doi .org 

/10.1130 /GES01560.S1 or the full-text article on 

www .gsapubs .org to view Supplemental Table S1.

TABLE 1. DEPLOYMENT SCHEDULE FOR SEISMIC STATIONS

Station name On date Off date Latitude Longitude Elevation (km)

PL03 Apr 2010 Mar 2012 -22.0156 -66.9451 4.6285

PL07 Apr 2011 Nov 2012 -22.3938 -67.0205 4.6414

PLAN Apr 2011 Mar 2012 -22.6445 -67.3866 4.6967

PLAR Apr 2010 Mar 2012 -22.4873 -66.9778 4.632

PLBR Apr 2011 Nov 2012 -22.3055 -67.2356 4.795

PLCL Apr 2011 Nov 2012 -21.9065 -67.0294 4.3543

PLCM Oct 2010 Nov 2012 -22.2419 -67.2054 5.15

PLCO Apr 2011 May 2012 -22.4615 -67.4372 4.6885

PLDK Apr 2011 Oct 2011 -22.1551 -66.9784 4.5524

PLLB Apr 2010 Sep 2010 -21.8955 -67.3796 4.0855

PLKN Apr 2011 July 2011 -21.9576 -67.2604 4.5423

PLHS Oct 2011 Mar 2012 -21.9566 -67.2594 4.5335

PLJR Apr 2011 Nov 2012 -22.0475 -67.3487 4.2437

PLLA Apr 2010 Mar 2012 -22.3126 -67.3796 4.242

PLLC Apr 2011 Nov 2012 -22.1415 -67.5879 4.7494

PLSM Apr 2010 Mar 2012 -22.113 -67.2844 4.216

PLLL Apr 2010 Mar 2012 -22.4205 -67.15 4.7503

PLLO Apr 2010 Aug 2010 -22.3337 -67.0793 4.579

PLMD Apr 2011 June 2011 -22.549 -67.1912 4.6339

PLMK Apr 2010 Oct 2011 -22.2515 -67.0769 4.4835

PLMN Apr 2011 Mar 2012 -22.1607 -67.1207 4.5125

PLQU Apr 2010 Feb 2012 -22.1906 -67.3389 4.1525

PLRR Apr 2010 Mar 2012 -22.2611 -66.882 4.4805

PLRV Apr 2011 Nov 2012 -22.2843 -67.5933 4.8659

PLSE Apr 2010 Mar 2012 -22.4466 -67.2902 4.6799

PLSP Apr 2011 Nov 2012 -22.6698 -67.1208 4.7267

PLSQ Apr 2010 Mar 2012 -22.4197 -67.6381 4.8115

PLSS Nov 2010 Mar 2012 -22.3168 -67.1715 4.6864

PLTM Apr 2010 Oct 2011 -22.0634 -67.1671 4.7028

PLTP Apr 2011 Feb 2012 -22.0413 -66.7865 4.3881

PLTT Oct 2011 Nov 2012 -22.5937 -67.279 4.6387

PLVB Oct 2011 Mar 2012 -22.0632 -67.1676 4.7099

PLWB Apr 2011 Nov 2012 -22.3537 -66.8347 4.4915

2Supplemental Table S2. Lists teleseismic earth-

quakes used in the receiver function analysis for 

Uturuncu Volcano. Hypocentral locations are given in 

latitude, longitude, depth in km, and location name, 

as well as time of earthquake in UTC. Xs denote 

the use of the earthquake for the 2.5 Hz and 5.0 Hz 

Gaussian �lters, as well as the use of the P and/or PP 

phase arrivals for each event. Please visit http://doi 

.org /10.1130 /GES01560.S2 or the full-text article on 

www.gsapubs.org to view Supplemental Table S2.
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Thybo, 2013). Teleseismic events are used so that the incoming wave is near 

vertical as it approaches the station. The vertical component of a three-com-

ponent seismogram is deconvolved from the horizontal components (N and 

E components rotated to radial and tangential) to isolate the response from 

the local crustal structure (Langston, 1979). These receiver functions contain 

phase arrivals that are related to velocity contrasts below the seismic sta-

tions. In this paper, we use the common conversion point (CCP) stacking 

method of Dueker and Sheehan (1997) to interpret the locations of these 

interfaces.

To remove the effects of natural and cultural noise, we bandpass �ltered 

the teleseismic waveforms between 0.1 and 5 Hz. The open-source, iterative 

pulse-stripping, time-domain deconvolution algorithm, Iterdecon (Ligorria and 

Ammon, 1999), was used on the bandpassed-�ltered waveforms to isolate the 

receiver response. A Gaussian �lter was used in the process to smooth the 

results, with the equation:

 G w( ) = exp
w 2( )
4

a2
, (1)

where a is the Gaussian �lter-width parameter (controls the signal bandwidth), 

and w is the frequency. This �lter serves as a low-pass �lter with a corner fre-

quency dependent on the a-value: an a-value of 2.5 gives a corner frequency 

of 1.2 Hz, as shown on the Web site of Dr. Charles Langston, “Isolating the 

Receiver Response—Langston’s Source Equalization Procedure” (http://eqseis 

.geosc .psu .edu /~cammon /HTML /RftnDocs /seq01.html; Frassetto et al., 2010). 

The pulse-stripping technique iteratively removes the vertical component 

waveforms from the radial with a limit of iterations (we chose 400) or until the 

change between iterations is smaller than a predetermined stopping criteria 

(we chose to use a change of �t of less than 0.01%). Resulting receiver func-

tion traces have lengths of 26 seconds, embedded in a window of 50 seconds 

(10 seconds prior to the P arrival and 40 seconds after the P arrival). We also 

calculated receiver functions for an a-value of 5.0, but the resulting higher fre-

quency receiver functions were overly complicated and less consistent. We 

chose the receiver functions with an a-value of 2.5 for further modeling.

After the receiver functions were calculated, we manually reviewed all 

resulting receiver function traces for quality control. Receiver functions are 

removed from further processing if they are noisy or deviate substantially 

from other receiver functions at the same back-azimuth and/or distance range. 

There are many factors that affect the quality of the �nal receiver function, 

including small P arrivals and strong lateral velocity gradients. The small P 

arrivals lead to small conversions. Strong lateral velocity gradients can lead 

to off-azimuth arrivals. More importantly, lateral velocity gradient can violate 

an inherent assumption in receiver function analysis—that conversions come 

from near horizontal boundaries (Langston, 1979).

During this review, we noticed that certain stations (speci�cally PL07, 

PLHS, PLMK, and PLTP; Fig. 1B) produced consistently poor-quality receiver 

functions from some back azimuths. These receiver functions tended to 

have larger amplitude tangential components when compared to the ra-

dial components, and many had radial components with a reversed polar-

ity for the direct P arrival. These receiver functions were removed, and the 

cause of this will be the motivation for other studies, but are most likely 

due to off-azimuth arrivals from strong lateral velocity gradients (Farrell 

et al., 2017).

After review, a total of 799 P and PP receiver functions from 192 separate 

events (shown in Fig. 1C and Table S2 [footnote 2]), were inputs into the 

CCP-stacking code written by Dueker and Sheehan (1997) and modi�ed by 

Gilbert et al. (2003) and Frassetto et al. (2010). CCP stacking is a process in 
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model (DEM) is in gray scale and was downloaded from the GMTSAR Web site (topex.ucsd.edu/

gmtsar/demgen/). Scale bar is for DEM. Cross sections start at the lower left corner of the grid 

(the point (0,0)). These E-W cross sections start at the bottom of the grid with the letter and/or 

arrow combination A and move northward to K (letter/arrow combinations correspond to Figs. 

3A–3K). The N-S cross sections are labeled in a similar way and correspond to Figures 4A–4K.
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which receiver function arrivals with the same conversion point are binned 

and summed together after corrections for move-out have been applied. This 

is done so that noise is stacked out (destructive interference) and the ma-

jor re�ections are emphasized (constructive interference) (Neuendorf et al., 

2005) and to account for spatial variation in the impedance contrasts.

The CCP program does not invert for seismic velocities and thus requires 

a velocity model in order to place arrivals into appropriate spatial bins. In this 

study, the 3-D velocity model from Ward et al. (2014) was used in conjunction 

with the S-wave IASP91 model as modi�ed by Ryan et al. (2016). As part of the 

inversion process for S-waves from surface waves, a forward model is created 

that results in models for S-waves, P-waves, and density, with large uncer-

tainties for the P-waves and densities (K.M. Ward, 2017, personal commun.). 

Ryan et al. (2016) improved upon the P-wave velocity model by multiplying the 

S-wave velocities by a V
p
/V

s
 = 1.75, taken from Wadati diagrams of local events 

(J. Ryan, 2017, personal commun.). Variations in V
p
/V

s
 can lead to errors in ve-

locities and depths; these errors, however, tend to be small (J. Ryan, 2017, per-

sonal commun.). A slightly more recent velocity model, from Shen et al. (2017), 

was not available at the time of analyses; however, this velocity model is very 

close to the Ward et al. (2014) model used in this study. In addition, the Ward et 

al. (2014) velocity model is three-dimensional and will thus likely provide more 

accurate depths than the Shen et al. (2017) model, which is a one-dimensional 

model. The Ward et al. (2014) velocity model was used at depths starting at 

the surface down to a depth of 50 km bmsl, while the modi�ed S-wave IASP91 

model is used for depths from 50 km to 150 km bmsl. The model space was 

parameterized into bins with a depth increment of 1.0 km from the surface to 

150 km depth and horizontal bin sizes of 10 × 10 km and 15 × 15 km.

Receiver functions contain Ps conversions from major boundaries plus 

multiple re�ections off each boundary. The weighting �lter in the CCP program 

improves the coherence of the features by stacking the amplitudes of the �rst 

and second multiples from the strongest boundary, which happens to be the 

top of the APMB, of a receiver function trace into the �rst arrival. This parame-

ter can range between 0.0 and 1.0. We determined, empirically, that a value of 

0.25 was the value that produced the best coherence; values higher than this 

can create artifacts, such as spurious arrivals (examples of various weighting 

�lters are shown in Fig. S4 of the Supplemental Figures3).

The sharing coef�cient in the CCP program allows sharing of traces be-

tween bins and can have values between 1.0 and 2.0, where 1.0 is minimal 

sharing and 2.0 is maximum sharing. This coef�cient can be thought of as 

a “buffer”; if a trace falls within a “buffer-zone,” then it can be shared with 

the nearest bin. There is a trade-off between bin size and the sharing param-

eter—if smaller bins are used and the sharing between them is increased, 

the result is a connectivity of the features for which we are looking. In other 

words, it smears the features together causing loss of de�nition (decreases 

the resolution). For example, with a 10 km bin radius, a sharing coef�cient 

of 1.25 gathers all the traces in a 12.5 km radius (generally four to �ve traces 

are added along the edge of the bin). Neighboring bins share these traces 

along their edges, and the model is smoothed between bins to reduce any 

sharp distinctions as bin edges are crossed. Typically, a minimum number 

of traces for each bin are required to help eliminate potentially noisy bins 

with too few receiver functions. We set this number to be �ve traces for each 

bin for this study. We then ascertained, empirically, that a sharing coef�cient 

value of 1.25 was ideal for both the 10 × 10 and 15 × 15 km bins, because it al-

lows for adequate sharing between bins while also providing a low amount 

of smearing.

RESULTS

Figure 2 shows a map view of the study area with the center of each bin 

marked by the grid of solid blue dots. The distribution of the piercing points 

for each incident ray at 60 km depth bmsl (small red dots) gives a qualita-

tive view of the receiver function coverage throughout the region. Letters 

with arrows point to a particular cross section and correspond to the letters 

in Figures 3A–3K for EW cross sections and the letters in Figures 4A–4K 

for the NS cross sections. These cross sections give a detailed view of the 

lateral and vertical changes in the earth structure under Uturuncu and the 

surrounding area.

Figures 3A–3K (EW cross sections) and Figures 4A–4K (the NS cross sec-

tions) show the results of the CCP-stacking program with a Gaussian width of 

2.5 and bin sizes of 10 × 10 km; there are several very prominent features vis-

ible. The largest and most consistent feature in the cross sections is a strong 

negative trough shown in blue at ~6–11 km bmsl (Figs. 3–5). A negative pulse 

is produced by conversions at a low- to high-velocity boundary for the in-

cident wave. We interpret this feature as the top of the APMB (highlighted 

by the top gray line). The northeast section of the APMB is deeper, with an 

average depth of approximately ~10–11 km bmsl.

Directly below the negative pulse (Figs. 3A–3K and 4A–4K) is a smaller but 

still very prominent positive pulse, shaded a bright red. This is interpreted to 

be the bottom of the APMB. This is also marked by a gray line (dashed where 

the depth of the pulse is not well constrained), to highlight that this entire 

structure between gray lines is the APMB. This feature also exhibits topogra-

phy (Figs. 3G and 4E) and is shallowest ~13–15 km depth bmsl in the central 

region including Uturuncu volcano and as deep as ~22 km in the eastern 

part of the region (Fig. 6). The thickness of the APMB can be calculated from 

the depths of the two surfaces (Fig. 7). The APMB is thinnest in the central 

region, ~6–8 km thick, which includes Uturuncu volcano and a north-south 

swath to the west of the volcano. The area is bordered to the east and west 

by thicker regions up to 16 km thick.

Another prominent positive (red) feature is at ~60 km depth bmsl (Figs. 3, 

4, and 8); we believe this feature to be the Mohorovičić discontinuity (Moho), 

and we have highlighted it with a green line (dashed where depth of the 

feature is unclear). A large degree of upwarping in this feature is apparent 

under Uturuncu. The depth to the Moho varies more than 20 km (40 km to 

>60 km depth) and is shallowest in the circular region centered just south of 

3Supplemental Figures. Include the results of the 

CCP stacking program for a 2.5 Hz Gaussian �lter 

with 15 x 15 km bin spacing, as well as the results 

of the 2.5 Hz Gaussian �lter with a 10 × 10 km bin 

spacing and various weighting parameters. Please 

visit http://doi .org /10.1130 /GES01560.S3 or the full-

text article on www.gsapubs.org to view the Supple-

mental Figures.

Supplementary Figure 1. Piercing point grid produced by the CCP stacking program, 

same as in Figure 3 of the main text. This grid is for cross-sections for a 15x15 km 

grid (Figures S2 and S3). The letter/arrow combinations correspond to 

Supplementary Figures S2 (E-W cross-sections) and S3 (N-S cross-sections). 

 

Supplementary Figure 2. A-I) Results of CCP stacking program. This set of E-W 

cross-sections is for the 15x15 km grid in Supplementary Figure 1. Parameters for 

these cross-sections include a=2.5, sharing coef�icient of 1.25, weighting �ilter of 

0.25, and depth increments of 1.0 km. The number of receiver functions stacked to 

create these cross-sections is 799.  

 

Supplementary Figure 3. A-I) Results of CCP stacking program. These cross-sections 

are N-S cross-sections, and the parameters are the same as in Supplementary Figure 

2.  

Suuplementary Figure 4. Results of CCP stacking program for various weighting 

parameters, v=0.1, 0.5, and 0.75. We show only the N/S and E/W cross-sections for 

the center of the array, corresponding to letter F in Figures 2, 3, and 4 in the main 

text. E/W cross-sections are on top and labelled as 3F with the different weighting 

parameters labelled, and the N/S cross-sections are on bottom, labelled as 4F.  

 

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/14/1/50/4048423/50.pdf
by University of South Florida user
on 08 May 2019

http://geosphere.gsapubs.org
http://doi.org/10.1130/GES01560.S3
http://www.gsapubs.org
http://doi.org/10.1130/GES01560.S3


Research Paper

55McFarlin et al. | Receiver function analyses of Uturuncu volcano, Bolivia and vicinityGEOSPHERE | Volume 14 | Number 1

0 50 100

0

20

40

60

80

100

120

140

distance (km)

D
e
p
th

 (
k
m

)

W E

3A

0 50 100
distance (km)

W E

3B

0 50 100
distance (km)

W E

3C

0 50 100
Distance (km)

W E

3D

0 50 100
Distance (km)

W E

3E

0 50 100
Distance (km)

W E

3F

- 4

0 50 100

0
20
40
60
80

100
120
140

Distance (km)

D
e
p
th

 (
k
m

)

W E

3G

0 50 100
Distance (km)

W E

3H

0 50 100
Distance (km)

W E

3I

0 50 100
Distance (km)

W E

3J

0 50 100
Distance (km)

W E

3K

0
20
40
60
80

100
120
140

D
e
p
th

 (
k
m

)

Figure 3. (A–K) Results of common conversion point (CCP) stacking pro-

gram. This set of cross sections is for a 10 × 10 km grid spacing. Param-

eters for these cross sections include a = 2.5, sharing coef�cient of 1.25, 

weighting �lter of 0.25, and depth increments of 1.0 km. Topography 

is 5× exaggerated, surface is ~4 km above sea level (denoted by “-4”), 

all depths are referenced to below mean sea level. Red triangle seen 

in E–G is location of summit station on Uturuncu volcano. Summed 

receiver function stacks are the black vertical traces, the 1σ standard 

deviation is denoted by the thin blue vertical traces on either side of 

the summed receiver function stacks. The horizontal gray lines mark 

the boundaries for the top and bottom of the Altiplano-Puna magma 

body (APMB) and are dashed where the depth of the feature is not well 

constrained. The neon green horizontal line shows the location of the 

Moho and is also dashed where not well constrained. The horizontal 

yellow line, where shown, demarcates the subducting Nazca slab.
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Figure 4. (A–K) Results of common 

conversion point (CCP) stacking pro-

gram. N-S cross sections. Parame-

ters, boundary lines, and other fea-

tures are the same as Figure 3.
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Uturuncu (and includes the volcano). The CCP pro�les (Figs. 3 and 4) show 

sharp offsets at the edge of the feature in many places.

The rest of the smaller, less prominent receiver function features are likely 

re�ections and multiples of the larger attributes. A feature seen in only a few 

of the cross sections (Figs. 3 and 4), near the bottom at ~140 km depth bmsl, is 

what we interpret to be the top of the subducting slab of the Nazca plate and is 

highlighted with a yellow line. A cursory examination of the PDE for our study 

region from January 1, 2000 to July 17, 2017 gives 249 events with the majority 

of hypocenters between 120 and 220 km depth, with the depth increasing east-

ward. The feature that we see at ~140 km depth would appear to fall near the 

estimated depth to the subducting slab in this region.

Results of the CCP-stacking program with values of a = 2.5 and 15 × 15 km 

bin sizes can be found in the Supplemental Materials (see footnotes 1 and 2). 

Depths are the same for all major features; the only real differences between 

the two bin sizes are variations in complexity of the receiver function stacks. 

Stacks with a = 2.5 and 15 × 15 km bins are less complex than those shown in 

the main body of this paper due to the decreased resolution of the larger bin 

size compared to the 10 × 10 km bin size.

DISCUSSION

Altiplano-Puna Magma Body

Early studies of the Altiplano-Puna region—namely, those by Wigger et al. 

(1994) and Chmielowski et al. (1999), in which the LVZ was named “the APMB”; 

Beck and Zandt (2002); Zandt et al. (2003); and Leidig and Zandt (2003) identi-

�ed the existence of a low-velocity zone (APMB) and determined the size and 

depth of this feature. In these early studies, the top of the APMB was identi�ed 

as a large negative polarity arrival on receiver functions at 2–2.5 seconds, ex-

cept for Wigger et al. (1994), which found a LVZ between 10 and 20 km below 

the surface in a seismic-refraction study. The APMB was modeled as a thin 

(~1-km-thick), low-velocity layer with the top boundary at ~15 km depth bmsl. 

Beck and Zandt (2002) show a negative polarity arrival at ~14–20 km bmsl 

across the entire width of the Altiplano. Leidig and Zandt (2003) estimated 

the thickness of this feature to be 1–6 km. Wölbern et al. (2009), in a regional 

migrated receiver function study, inferred a segmented LVZ under both the Al-

tiplano and the Puna regions in which the sections are vertically separated and 

PLTP
Bolivia

Argentina

Figure 5. Contour plot showing the depth to the top of 

the low-velocity zone of the Altiplano-Puna magma body 

(APMB). Color bar shows depth from sea level (in km). 

Dark red is deeper; yellow is shallow. Triangles are station 

locations, with station names. Red triangle in center is lo-

cation of Uturuncu volcano.
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have steep boundaries coincident with surface fault systems. Depths deter-

mined by Wölbern et al. (2009) include a top boundary for the APMB of ~15 km 

below the surface (~10–11 km bmsl) in the Altiplano with a thickness of ~20 km, 

and ~15 km depth in the Puna, with an unresolved thickness for this region. In 

addition, the aforementioned study shows the boundaries for the APMB have 

signi�cant topography; an average depth of ~15 km is given, but the authors 

state that the low-velocity zone in this study is segmented and shows 8–10 km 

of vertical offset in some areas, indicative of faults dipping toward the west.  

More recently, Ward et al. (2014), using a joint inversion of surface-wave dis-

persion (Ward et al., 2013) and receiver functions, found that the top of the 

APMB is as shallow as 9 km below the surface with an average depth of ~15 km, 

and they calculated a thickness of no less than 6 km, with an average thick-

ness of 11 km. The main difference between Ward et al.’s (2014) shallower and 

thicker APMB and earlier studies showing a deeper and thinner APMB is that 

the surface-wave dispersion required lower velocities in the upper crust.

In this study, we used the 3-D velocity model of Ward et al. (2014), in addition 

to the S-wave IASP91 model as modi�ed by Ryan et al. (2016) in the processing 

of the CCP stacks; therefore, our depths for the top and the bottom of the APMB 

generally match those found by Ward et al. (2014). Depths for the top and bot-

tom of the APMB were determined by hand; we picked the peak of large nega-

tive pulses for the top of the APMB. The bottom of the APMB was more dif�cult 

due to the diffuse nature of the positive pulses in this depth range. The depth to 

the top of the APMB as reported in this paper (6–12 km bmsl; Fig. 5) is shallower 

than most of the earlier studies (e.g., Chmielowski et al., 1999; Leidig and Zandt, 

2003; Zandt et al., 2003; Wölbern et al., 2009) but matches well with those found 

by Ward et al. (2014). Depths to the bottom of the APMB (Fig. 6), however, are 

shallower than those found by Ward et al. (2014) and other previous studies. 

The improvement we show, as compared to the Ward et al. (2014) study, is 

that of more accurate local depths, versus the regional depths that have been 

smoothed due to the nature of a regional study and the method of surface-wave  

dispersion. We have calculated the thickness to range from 5 km to 15 km 

(9 km average thickness; Fig. 7). Farrell et al. (2017), using P-wave velocities 

and partial melt values to empirically calculate the average thickness of the 

magma body, report this thickness to be 10.2 km for the APMB in the vicinity of 

Uturuncu, given a partial melt percentage of 15% with 8 wt% water.

The amplitudes of CCP-stacked receiver functions are related to the thickness 

(or sharpness) of boundaries or transition zones as well as the impedance con-

trast between the layers, as shown by Dr. Charles J. Ammon on the Web site “An 

PLRR

Bolivia

Argentina

Figure 6. Contour plot showing the depth to the bottom of 

the low-velocity zone of the Altiplano-Puna magma body 

(APMB), similar to Figure 5.
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Overview of Receiver Function Analysis” (http://eqseis.geosc.psu.edu/~cammon/

HTML/RftnDocs/seq01.html; Purevsuren, 2014). These amplitudes are in�uenced 

by lateral velocity changes—offsets in the topography of a boundary or transition 

zone can cause scattering of converted phases. Eagar et al. (2011) demonstrated 

that mapping the amplitudes of receiver functions can provide a better visual-

ization of complicated subsurface structures. The ability to view the patterns of 

reduced amplitudes can lead to an improved understanding of where dipping or 

deformed structures are located or the shapes and extents of bodies causing the 

scattering or attenuation of converted seismic phases. We measured the ampli-

tudes of the top and bottom of the APMB in the CCP stacks and calculated the ra-

tio (amplitude of the top feature divided by the amplitude of the bottom feature).

Amplitude ratios for the APMB are plotted on Figure 9. A low ratio is indic-

ative of similar impedances for both the top and bottom of the APMB. A high 

ratio is indicative of large variations in impedance contrast between the top 

and bottom of the APMB—in this case, a strong impedance contrast for the 

top of the APMB and a reduced amplitude or a very broad peak for the bottom 

of the APMB. In general, most of the region shows amplitude ratios of ~2 or 

3. In Figure 9, the high-ratio region, near station PLRV, is due to large-ampli-

tude, impulsive peaks for the top of the APMB and smaller amplitude but very 

broad peaks for the bottom of the APMB (Figs. 3F, 3G, 4A, and 4B). By contrast, 

the high ratios in the northwest to central region, under stations PLJR, PLSM, 

PLMN, and between PLQU and PLLA, are due to impulsive peaks for the top 

of the APMB, and slightly less impulsive (more diffuse), low-amplitude peaks 

for the bottom of the APMB (Figs. 3F, 3G, and 4C–4E). The high-amplitude ra-

tios in the southernmost area of the network, between stations PLTT, PLMD, 

and PLSP, are due to large amplitudes for the top boundary and smaller broad 

peaks for the bottom boundary. In general, high ratios indicate that the bottom 

of the APMB is more poorly de�ned with a smaller impedance than the top 

boundary. In addition to differences in how the boundary is being de�ned (i.e., 

de�ning the boundary using an interface versus de�ning the boundary using 

velocity contours as in Ward et al., 2014), this diffuse boundary may be why the 

estimates for the bottom of the APMB do not agree as well with previous work, 

whereas the estimates for the top tend to correlate well with other studies.

Moho

Previous regional studies show that the Moho in this region of the Andes 

can have variable depths (e.g., Wigger et al., 1994; Beck and Zandt, 2002; 

Yuan et al., 2002; Wölbern et al., 2009; Ryan et al., 2016). Wigger et al. (1994) 

Bolivia

Argentina

Figure 7. Contour plot showing the thickness of the low-ve-

locity zone of the Altiplano-Puna magma body (APMB) (in 

km), similar to Figures 5 and 6.
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reported that data quality issues and attenuated phases made identi�cation 

of the deeper structures, such as the Moho feature, dif�cult. The attenuated 

phases were assumed to represent zones of partial melt. When good data 

were available, Wigger et al. (1994) reported a possible seismic crust and/or 

mantle boundary at ~60 km depth below the surface in the Western Cordil-

lera, at ~70 km depth below the surface in the Eastern Altiplano with strong 

lateral variations, which decrease in depth eastward to 40 km below the sur-

face in the Subandean belt. Yuan et al. (2002) found depths as shallow as 

~51 km and as deep as 80 km in the Altiplano-Puna region using teleseismic 

receiver functions, but they also report that for multiple smaller areas in this 

region, a depth to the Moho was unresolvable due to the large conversions 

and multiples from the APMB. Beck and Zandt (2002), using receiver func-

tions, found that the Moho in the Central Andes varies between 80 and 32 

km depth, with the depth decreasing toward the east. Speci�cally, in the Al-

tiplano region, the depth of the Moho in the Beck and Zandt (2002) study is 

~64 km. Wölbern et al. (2009) used migrated receiver functions that revealed 

a Moho with a weak signal that shallows eastward from ~80 km below the 

surface to ~45 km in the Altiplano, with a slight upwarping between 67°W 

and 69°W. Ryan et al. (2016) found similar results to Beck and Zandt (2002), 

providing a Moho depth of nearly 70 km bmsl in the Altiplano, but they state 

that under the transition from between the western plateau and the arc, the 

depth region of the Moho is a complex with many layers, some of which are 

likely multiples from the LVZ.

Moho depths as determined from the CCP stacks from this study are plot-

ted in Figure 8. Depths were picked using the same method as for the top 

and bottom of the APMB, at the peak of the positive pulse; however, this 

was dif�cult because the pulses in this depth range are not only diffuse, but 

some traces show multiple pulses at Moho depths. Nevertheless, the Moho 

arrivals are fairly strong and consistent throughout most of the study area. 

Depths range from as deep as 65 km to as shallow as 40 km. The Moho is 

shallowest in a roughly circular area that extends from Uturuncu volcano 

(near station PLCM) to the south. This region of shallow Moho is ~50 km in di-

ameter. The transition from shallow Moho (40–45km) to deeper Moho (55–60 

km) is fairly sharp (see Figs. 3 and 4), particularly on the east and south sides 

where the depth increase is over 5–10 km horizontal distance (versus over 20 

km lateral distance on the west and north sides) and may possibly even be 

fault bounded. This region of shallow Moho coincides with a region of faster 

velocities as shown by Ward et al. (2014).

Bolivia

Argentina

Figure 8. Contour plot showing the depth to the Moho, 

similar to Figures 5, 6, and 7.
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A regional travel-time tomography study by West et al. (2013), using the 

same stations as this study, found a high V
p
/V

s
 ratio (>1.9), consistent with a  

low S-wave velocity anomaly, which covers an area virtually the same as our 

shallow Moho. The low V
s
 anomaly is in a well-resolved area of the tomog-

raphy model. These features are roughly circular (in map view) with ~50 km 

diameter and are most prominent at ~15–30 km bmsl between 22.2° and 

22.7° S and 66.9° and 67.5° W. These anomalies occur above the Moho and 

encompass the APMB. S-wave velocities tend to be the most responsive to 

liquid phases, speci�cally the percentage and interconnectedness of partial 

melts, thus giving a low S-wave velocity for areas with melt present. The 

anomalies in the aforementioned tomography study are interpreted to be 

either a vertically elongated buoyant magma chamber or a tract of volatiles 

and/or partial melts that are ascending.

We were unable to resolve the Moho depth under the stations PLJR and 

PLSM due to the lack of distinct converted arrivals. These two stations are di-

rectly above the area of thinnest APMB and highest amplitude ratio, indicating 

a weak conversion at the bottom of the APMB (see Figs. 8 and 9). To clarify, 

the amplitude ratio quanti�es the difference in sharpness of the boundaries at 

the top and bottom of the APMB. It is interesting to note that the Moho in this 

region does not produce a sharp arrival and thus is more gradational (as is the 

bottom of the APMB).

Subducting Nazca Plate

Cahill and Isacks (1992), based on earthquake locations, show that the 

subducting Nazca plate ranges in depth from 125 km to 200 km (west to east) 

across the southern tip of Bolivia. The recent Slab1.0 (Hayes et al., 2012), a 

new global 3-D model of subduction zones, shows that the subducting slab 

in this region of the Andes is between ~100–200 km depth. Although our 

model space ends at 150 km below mean sea level, it does appear that the 

subducting slab is visible in some of the cross sections (Figs. 3 and 4) as a 

positive (shaded red) pulse from ~135 km to ~150 km depth. This feature is 

particularly visible on the western and southern regions of the study area and 

is not visible in the eastern regions where we expect the subducting plate to 

be more than 150 km deep.

Bolivia

Argentina

Figure 9. Contour plot showing amplitude ratios (ampli-

tude of the top of the Altiplano-Puna magma body [APMB] 

and/or amplitude of the bottom of the APMB). Yellow in-

dicates a low-amplitude ratio; red indicates a high-ampli-

tude ratio.
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SUMMARY AND CONCLUSIONS

CCP stacking of teleseismic receiver functions help constrain the crustal 

structure of the complex area under Uturuncu volcano. Large impedance 

contrasts in the receiver function stacks allow for the identi�cation of major 

boundaries and also the calculation of the depths of these boundaries below 

the study area. Mapping the depths of these features provides a determi-

nation of their extent and shape, potentially aiding in future hazard assess-

ments for Uturuncu volcano.

The cross sections shown allow for a better understanding of the com-

plexity of the magma system under Uturuncu volcano. A major feature that 

is seen in all cross sections (and in fact extends past the limits of the network 

in all directions) is the APMB. Depths to the top of the Altiplano-Puna magma 

body within the study area are as shallow as ~6 km bmsl and as deep as ~22 

km, with an average of ~8–9 km depth (Fig. 5). Depths to the bottom of the 

magma body are as shallow as ~13 km and as deep as ~22 km bmsl, giving 

a thickness ranging from 6 to 15 km (Figs. 6 and 7). The APMB appears to be 

thinnest in a roughly north- and/or south-elongated region near the center of 

the study area including Uturuncu volcano. The highest relative amplitude 

ratios tend to fall in this region of thinner APMB indicating a weak lower 

boundary. Mohorovičić discontinuity depths are somewhat bimodal with a 

shallow central region (depths of 40–45 km) surrounded by a deeper Moho at 

55–60 km below the surface. The roughly circular region with shallow Moho 

corresponds to a low S-wave velocity (and high V
p
/V

s
 ratio) region in the crust 

from tomographic images (West et al., 2013).

Receiver functions are extremely useful in determining the depths of 

sharp horizontal boundaries in the crust such as the Moho and, in this study, 

the top and bottom of the APMB. While the depths of these boundaries are 

fairly well determined, there can be alternative interpretation as to the nature 

and process that produce each boundary. In this case, explanations for the 

shallow “Moho” feature beneath Uturuncu volcano such as magmatic under-

plating, piles of cumulates, or crustal delamination cannot be ruled out, but 

require additional information to distinguish between the possible models.

ACKNOWLEDGMENTS

The authors would like to acknowledge National Earthquake Information Center (NEIC), Boulder 

Real Time Technologies (BRTT) and the Global Seismology and Tectonics (GSAT) group at Univer-

sity of Arizona for software and data provided, as well as the two anonymous reviewers for their 

excellent feedback and critiques. Discussions with Jochen Braunmiller, Michael West, Matthew 

Pritchard, Alexandra Farrell, Susan Beck, Ophelia George, Rocco Malservisi, Danielle Molisee, 

and Mel Rodgers aided in the writing of this paper. The National Science Foundation Continental 

Dynamics Program was the source of funding, with a subcontract from University of Alaska Fair-

banks to University of South Florida, with the project #0909254.

REFERENCES CITED

Abe, Y., Ohkura, T., Shibutani, T., Hirahara, K., and Kato, M., 2010, Crustal structure beneath Aso 

Caldera, Southwest Japan, as derived from receiver function analysis: Journal of Volcanology 

and Geothermal Research, v. 195, p. 1–12, doi: 10 .1016 /j .jvolgeores .2010 .05 .011 .

Allmendinger, R.W., and Gubbels, T., 1996, Pure and simple shear plateau uplift, Altiplano-Puna, 

Argentina and Bolivia: Tectonophysics, v. 259, p. 1–13, doi: 10 .1016 /0040 -1951 (96)00024 -8 .

Allmendinger, R.W., Jordan, T.E., Kay, S.M., and Isacks, B.L., 1997, The evolution of the Altipla-

no-Puna plateau of the Central Andes: Annual Review of Earth and Planetary Sciences, v. 25, 

p. 139–174, doi: 10 .1146 /annurev .earth .25 .1 .139 .

Baker, M.C.W., and Francis, P.W., 1978, Upper Cenozoic volcanism in the Central Andes—Ages 

and volumes: Earth and Planetary Science Letters, v. 41, p. 175–187, doi: 10 .10 /0012 -821X 

(78) 90008 -0 .

Bannister, S., Bryan, C.J., and Bibby, H.M., 2004, Shear wave velocity variation across the Taupo 

Volcanic Zone, New Zealand, from receiver function inversion: Geophysical Journal Interna-

tional, v. 159, p. 291–310, doi: 10 .1111 /j .1365 -246X .2004 .02384 .x .

Beck, S.L. and Zandt, G., 2002, The nature of orogenic crust in the central Andes: Journal of Geo-

physical Research: Solid Earth, v. 107, p. ESE 7-1–ESE 7-16, doi: 10 .1029 /2000JB000124 .

Cahill, T., and Isacks, B.L., 1992, Seismicity and shape of the subducted Nazca plate: Journal of 

Geophysical Research. Solid Earth, v. 97, p. 17,503–17,529, doi: 10 .1029 /92JB00493 .

Chmielowski, J., Zandt, G., and Haberland, C., 1999, The central Andean Altiplano-Puna magma 

body: Geophysical Research Letters, v. 26, p. 783–786, doi: 10 .1029 /1999GL900078 .

Comeau, M.J., Unsworth, M.J., Ticona, F., and Sunagua, M., 2015, Magnetotelluric images of 

magma distribution beneath Volcán Uturuncu, Bolivia: Implications for magma dynamics: 

Geology, v. 43, p. 243–246, doi: 10 .1130 /G36258 .1 .

del Potro, R., Diez, M., Blundy, J., Camacho, A.G., and Gottsmann, J., 2013, Diapiric ascent of silicic 

magma beneath the Bolivian Altiplano: Geophysical Research Letters, v. 40, p. 2044–2048, doi: 

10 .1002 /grl .50493 .

de Silva, S.L., 1989, Altiplano-Puna volcanic complex of the central Andes: Geology, v. 17, p. 1102–

1106, doi: 10 .1130 /0091 -7613 (1989)017 <1102: APVCOT>2 .3 .CO;2 .

de Silva, S.L., and Francis, P.W., 1991, Volcanoes of the Central Andes: Berlin, Springer-Verlag, 

216 p.

de Silva, S., Zandt, G., Trumbull, R., Viramonte, J.G., Salas, G., and Jimenez, N., 2006a, Large 

ignimbrite eruptions and volcano-tectonic depressions in the Central Andes: A thermome-

chanical perspective: Geological Society of London, Special Publications, v. 269, p. 47–63, doi: 

10 .1144 /GSL .SP .2006 .269 .01 .04 .

de Silva, S.L., Zandt, G., Trumbull, R., and Viramonte, J., 2006b, Large-scale silicic volcanism: The 

result of thermal maturation of the crust, in Ip, W.-H., ed., Advances in Geosciences: Volume 1: 

Solid Earth: World Scienti�c Publishing Company, p. 215–230, doi: 10 .1142 /9789812707178_0021 .

Dueker, K.G., and Sheehan, A.F., 1997, Mantle discontinuity structure from midpoint stacks of con-

verted P to S waves across the Yellowstone hotspot track: Journal of Geophysical Research. 

Solid Earth, v. 102, p. 8313–8327, doi: 10 .1029 /96JB03857 .

Eagar, K.C., Fouch, M.J., James, D.E., and Carlson, R.W., 2011, Crustal structure beneath the High 

Lava Plains of eastern Oregon and surrounding regions from receiver function analysis: Jour-

nal of Geophysical Research. Solid Earth, v. 116, doi: 10 .1029 /2010JB007795 .

Farrell, A.K., McNutt, S.R., and Thompson, G., 2017, Seismic attenuation, time delays, and ray-

path bending of teleseisms beneath Uturuncu volcano, Bolivia: Geosphere, v. 13, p. 699–

722, doi: 10 .1130 /GES01354 .1 .

Fialko, Y., and Pearse, J., 2012, Sombrero uplift above the Altiplano-Puna magma body: evidence 

of a ballooning mid-crustal diapir: Science, v. 338, p. 250–252, doi: 10 .1126 /science .1226358 .

Frassetto, A., and Thybo, H., 2013, Receiver function analysis of the crust and upper mantle in 

Fennoscandia—Isostatic implications: Earth and Planetary Science Letters, v. 381, p. 234–246, 

doi: 10 .1016 /j .epsl .2013 .07 .001 .

Frassetto, A., Zandt, G., Gilbert, H., Owens, T.J., and Jones, C.H., 2010, Improved imaging with 

phase-weighted common conversion point stacks of receiver functions: Geophysical Journal 

International, v. 182, p. 368–374, doi: 10 .1111 /j .1365 -246X .2010 .04617 .x .

Gilbert, H.J., Sheehan, A.F., Dueker, K.G., and Molnar, P., 2003, Receiver functions in the western 

United States, with implications for upper mantle structure and dynamics: Journal of Geo-

physical Research. Solid Earth, v. 108, 2229, doi: 10 .1029 /2001JB001194 .

Haberland, C., Rietbrock, A., Schurr, B., and Brasse, H., 2003, Coincident anomalies of seismic 

attenuation and electrical resistivity beneath the southern Bolivian Altiplano plateau: Geo-

physical Research Letter: Solid Earth, v. 30, 1923, doi: 10 .1029 /2003GL017492 .

Hayes, G.P., Wald, D.J., and Johnson, R.L., 2012, Slab1.0: A three-dimensional model of global 

subduction zone geometries: Journal of Geophysical Research. Solid Earth, v. 117, B01302, 

doi: 10 .1029 /2011JB008524 .

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/14/1/50/4048423/50.pdf
by University of South Florida user
on 08 May 2019

http://geosphere.gsapubs.org


Research Paper

63McFarlin et al. | Receiver function analyses of Uturuncu volcano, Bolivia and vicinityGEOSPHERE | Volume 14 | Number 1

Henderson, S.T., and Pritchard, M.E., 2013, Decadal volcanic deformation in the Central Andes 

Volcanic Zone revealed by InSAR time series: Geochemistry Geophysics Geosystems, v. 14, 

p. 1358–1374, doi: 10 .1002 /ggge .20074 .

Henderson, S.T., and Pritchard, M.E., 2017, Time dependent deformation of Uturuncu volcano, 

Bolivia constrained by GPS and InSAR measurements and implications for source models: 

Geosphere, doi: 10 .1130 /GES01203 .1 .

Hickey, J., and Gottsmann, J., 2014, Benchmarking and developing numerical Finite Element 

models of volcanic deformation: Journal of Volcanology and Geothermal Research, v. 280, 

p. 126–130, doi: 10 .1016 /j .jvolgeores .2014 .05 .011 .

Hickey, J., Gottsmann, J., and del Potro, R., 2013, The large-scale surface uplift in the Altipla-

no-Puna region of Bolivia: A parametric study of source characteristics and crustal rheology 

using �nite element analysis: Geochemistry, Geophysics, Geosystems, v. 14, no. 3, p. 540–

555, doi: 10 .1002 /ggge .20057 .

Isacks, B.L., 1988, Uplift of the Central Andean Plateau and bending of the Bolivian Oro-

cline: Journal of Geophysical Research. Solid Earth, v. 93, p. 3211–3231, doi: 10 .1029 

/JB093iB04p03211 .

Jay, J.A., Pritchard, M.E., West, M.E., Christensen, D., Haney, M., Minaya, E., Sunagua, M., 

McNutt, S.R., and Zabela, M., 2012, Shallow seismicity, triggered seismicity, and ambient 

noise tomography at the long-dormant Uturuncu volcano, Bolivia: Bulletin of Volcanology, 

v. 74, p. 817–837, doi: 10 .1007s00445 -011 -0568 -7 .

Kay, R.W., and Kay, S.M., 1993, Delamination and delamination magmatism: Tectonophysics, 

v. 219, p. 177–189, doi: 10 .1016 /0040 -1951 (93)90295 -U .

Kay, S.M., and Coira, B.L., 2009, Shallowing and steepening subduction zones, continental litho-

spheric loss, magmatism, and crustal �ow under the Central Andean Altiplano–Puna Pla-

teau, in Kay, S.M., ed., Backbone of the Americas: Shallow Subduction, Plateau Uplift, and 

Ridge and Terrane Collision: Geological Society of America Memoir 204, p. 229–259, doi: 10 

.1130 /2009 .1204 (11) .

Kay, S.M., Coira, B.L., Caffe, P.J., and Chen, C.-H., 2010, Regional chemical diversity, crustal and 

mantle sources and evolution of central Andean Puna plateau ignimbrites: Journal of Vol-

canology and Geothermal Research, v. 198, p. 81–111, doi: 10 .1016 /j .jvolgeores .2010 .08 .013 .

Kukarina, E., West, M.E., Keyson, L.H., Koulakov, I., Tsibiov, L., and Smirnov, S., 2017, Focused 

magmatism beneath Uturuncu volcano: Insights from seismic tomography and deformation 

modelling: Geosphere, doi: 10 /1130 /GES01403 .1 .

Kyong-Song, R., Hammond, J.O.S., Chol-Nam, K., Hyok, K., Yong-Gun, Y., Gil-Jong, P., Chong-

Song, R., Oppenheimer, C., Liu, K.W., Iacovino, K., and Kum-Ran, R., 2016, Evidence for 

partial melt in the crust beneath Mt. Paektu (Changbaishan), Democratic People’s Republic 

of Korea and China: Science Advances, v. 2, doi: 10 .1126 /sciadv .1501513 .

Langston, C.A., 1979, Structure under Mount Rainier, Washington, inferred from teleseismic 

body waves: Journal of Geophysical Research. Solid Earth, v. 84, p. 4749–4762, doi: 10 .1029 

/JB084iB09p04749 .

Leidig, M., and Zandt, G., 2003, Modeling of highly anisotropic crust and application to the Alti-

plano‐Puna volcanic complex of the central Andes: Journal of Geophysical Research: Solid 

Earth, v. 108, p. ESE 5-1–ESE 5-15, doi: 10 .1029 /2001JB000649 .

Ligorria, J.P., and Ammon, C.J., 1999, Iterative deconvolution and receiver-function estimation: 

Bulletin of the Seismological Society of America, v. 89, p. 1395–1400.

Lindsay, J.M., Schmitt, A.K., Trumbull, R.B., de Silva, S.L., Siebel, W., and Emmerman, R., 2001, 

Magmatic evolution of the La Pacana caldera system, Central Andes, Chile: Compositional 

variation of two cogenetic, large-volume felsic ignimbrites: Journal of Petrology, v. 42, 

p. 459–486, doi: 10 .1093 /petrology /42 .3 .459 .

Michelfelder, G.S., Feeley, T.C., Wilder, A.D., and Klemetti, E.W., 2013, Modi�cation of the con-

tinental crust by subduction zone magmatism and vice-versa: Across-strike geochemical 

variations of silicic lavas from individual eruptive centers in the Andean Central volcanic 

zone: Geosciences, v. 3, p. 633–667, doi: 10 .3390 /geosciences3040633 .

Michelfelder, G.S., Feeley, T.C., and Wilder, A.D., 2014, The Volcanic Evolution of Cerro Uturuncu: 

A High-K, Composite Volcano in the Back-Arc of the Central Andes of SW Bolivia: Interna-

tional Journal of Geosciences, v. 5, p. 1263–1281, doi: 10 .4236 /ijg .2014 .511105 .

Muir, D.D., Blundy, J.D., Hutchinson, M.C., and Rust, A.C., 2014, Petrological imaging of an active 

pluton beneath Cerro Uturuncu, Bolivia: Contributions to Mineralogy and Petrology, v. 167, 

doi: 10 .1007 /s00410 -014 -0980 -z .

Neuendorf, K.K.E., Mehl, J.P., and Jackson, J.A., eds., 2005, Glossary of Geology (�fth revised 

edition): Alexandria, Virginia, Springer Science and Business Media, 779 p.

Ort, M.H., Coira, B.L., and Mazzoni, M.M., 1996, Generation of a crust-mantle magma mixture: 

magma sources and contamination at Cerro Panizos, central Andes: Contributions to Miner-

alogy and Petrology, v. 123, p. 308–322, doi: 10 .1007 /s004100050158 .

Perkins, J.P., Ward, K.M., de Silva, S.L., Zandt, G., Beck, S.L., and Finnegan, N.J., 2016, Surface 

uplift in the Central Andes driven by growth of the Altiplano Puna Magma Body: Nature 

Communications, v. 7, article no. 13185, doi: 10 .1038 /ncomms13185 .

Pritchard, M.E., and Gregg, P.M., 2016, Geophysical evidence for silicic crustal melt in the conti-

nents: Where, what kind, and how much?: Elements, v. 12, p. 121–127, doi: 10 .2113 /gselements 

.12 .2 .121 .

Pritchard, M.E., and Simons, M., 2002, A satellite geodetic survey of large-scale deformation of 

volcanic centres in the central Andes: Nature, v. 418, p. 167–171, doi: 10 .1038 /nature00872 .

Pritchard, M.E., and Simons, M., 2004, Surveying volcanic arcs with satellite radar interferome-

try: The central Andes, Kamchatka, and beyond: GSA Today, v. 14, no. 8, p. 4–11, doi: 10 .1130 

/1052 -5173 (2004)014 <4: SVAWSR>2 .0 .CO;2 .

Purevsuren, U., 2014, Crustal thickness and V
p
/V

s
 beneath the Western United States: Constraints 

from stacking of receiver functions [Ph.D. thesis]: Rolla, Missouri, Missouri University of 

Science and Technology, 115 p.

Ryan, J., Beck, S., Zandt, G., Wagner, L., Minaya, E., and Tavera, H., 2016, Central Andean crustal 

structure from receiver function analysis: Tectonophysics, v. 682, p. 120–133, doi: 10 .1016 /j 

.tecto .2016 .04 .048 .

Rychert, C.A., Rondenay, S., and Fischer, K.M., 2007, P-to-S and S-to-P imaging of a sharp lith-

osphere-asthenosphere boundary beneath eastern North America: Journal of Geophysical 

Research. Solid Earth, v. 112, doi: 10 .1029 /2006JB004619 .

Schilling, F.R., Partzsh, G.M., Brasse, H., and Schwarz, G., 1997, Partial melting below the mag-

matic arc in the central Andes deduced from geoelectromagnetic �eld experiments and lab-

oratory data: Physics of the Earth and Planetary Interiors, v. 103, p. 17–31, doi: 10 .1016 /S0031 

-9201 (97)00011 -3 .

Schilling, F.R., Trumbull, R.B., Brasse, H., Haberland, C., Asch, G., Bruhn, D., Mai, K., Haak, V., 

Giese, P., Muñoz, M., Ramelow, J., Rietbrock, A., Ricaldi, E., and Vietor, T., 2006, Partial melt-

ing in the Central Andean crust: A review of geophysical, petrophysical, and petrologic evi-

dence, in Oncken, O., Chong, G., Franz, G., Giese, P., Götze, H.-J., Ramos, V.A., Strecker, M.R., 

and Wigger, P., eds., The Andes: Active Subduction Orogeny: Springer-Verlag, Frontiers in 

Earth Sciences, v. 1, p. 459–474, doi: 10 .1007 /978 -3 -540 -48684 -8_22 .

Schmitt, A.K., de Silva, S.L., Trumbull, R., and Emmerman, R., 2001, Magma evolution in the 

Purico ignimbrite complex, northern Chile: Evidence for zoning of a dacitic magma by injec-

tion of rhyolitic melts following ma�c recharge: Contributions to Mineralogy and Petrology, 

v. 140, p. 680–700, doi: 10 .1007 /s004100000214 .

Schmitz, M., Heinsohn, W.-D., and Schilling, F.R., 1997, Seismic, gravity, and petrologic evidence 

for partial melt beneath the thickened Central Andean crust (21–23°S): Tectonophysics, v. 270, 

p. 313–326, doi: 10 .1016 /S0040 -1951 (96)00217 -X .

Sheetz, K.E., and Schlue, J.W., 1992, Inferences for the Socorro magma body from teleseis-

mic receiver functions: Geophysical Research Letters, v.  19, p.  1867–1870, doi: 10 .1029 

/92GL02137 .

Shen, W., Alvizuri, C., Lin, F.C., and Tape, C., 2017, A one-dimensional seismic model for Uturuncu 

volcano, Bolivia, and its impact on full moment tensor inversions: Geosphere, v. 13, p. 1–10, 

doi: 10 .1130 /GES01353 .1 .

Sparks, R.S.J., Folkes, C.B., Humphreys, M.C.S., Barfod, D.N., Clavero, J., Sunugua, M.C., 

McNutt, S.R., and Pritchard, M.E., 2008, Uturuncu volcano, Bolivia: Volcanic unrest due to 

mid-crustal magma intrusion: American Journal of Science, v. 308, p. 727–769, doi: 10 .2475 

/06 .2008 .01 .

Walter, T.R., and Motagh, M., 2014, De�ation and in�ation of a large magma body beneath 

Uturuncu volcano, Bolivia?: Insights from InSAR data, surface lineaments and stress model-

ling: Geophysical Journal International, v. 198, p. 462–473, doi: 10 .1093 /gji /ggu080 .

Ward, K.M., Porter, R.C., Zandt, G., Beck, S.L., Wagner, L.S., Minaya, E., and Tavera, H., 2013, 

Ambient noise tomography across the Central Andes: Geophysical Journal International, v. 

194, p. 1559–1573, doi: 10 .1093 /gji /ggt166 .

Ward, K.M., Zandt, G., Beck, S.L., Christensen, D.H., and McFarlin, H., 2014, Seismic imaging of 

the magmatic underpinnings beneath the Altiplano-Puna volcanic complex from the joint 

inversion of surface wave dispersion and receiver functions: Earth and Planetary Science 

Letters, v. 404, p. 43–53, doi: 10 .1016 /j .epsl .2014 .07 .022 .

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/14/1/50/4048423/50.pdf
by University of South Florida user
on 08 May 2019

http://geosphere.gsapubs.org


Research Paper

64McFarlin et al. | Receiver function analyses of Uturuncu volcano, Bolivia and vicinityGEOSPHERE | Volume 14 | Number 1

West, M.E., Kukarina, E., and Koulakov, I., 2013, Structure of Uturuncu volcano from seismic tomog-

raphy: San Francisco, California, American Geophysical Union Fall meeting, abstract V13B-2600.

Wigger, P.J., Schmitz, M., Araneda, M., Asch, G., Baldzuhn, S., Giese, P., Heinsohn, W.D., Mar-

tinez, E., Ricaldi, E., Rower, P., and Viramonte, J., 1994, Variation in the crustal structure of 

the southern Central Andes deduced from seismic refraction investigations, in Reutter, K.-J., 

Scheuber, E., and Wigger, P.J., eds., Tectonics of the Southern Central Andes: Berlin, Heidel-

berg, Springer-Verlag, p. 23–48, doi: 10 .1007 /978 -3 -642 -77353 -2_2 .

Wölbern, I., Heit, B., Yuan, X., Asch, G., Kind, R., Viramonte, J., Tawackoli, S., and Wilke, H., 

2009, Receiver function images from the Moho and the slab beneath the Altiplano and Puna 

plateaus in the Central Andes: Geophysical Journal International, v. 177, p. 296–308, doi: 10 

.1111 /j .1365 -246X .2008 .04075 .x .

Yuan, X., Sobolev, S.V., Kind, R., Oncken, O., Bock, G., Asch, G., Schurr, B., Graeber, F., Rudloff, 

A., Hanka, W., Wylegalla, K., Tibi, R., Haberland, Ch., Rietbrock, A., Giese, P., Wigger, P., 

Röwer, P., Zandt, G., Beck, S., Wallace, T., Pardo, M., and Comte, D., 2000, Subduction and 

collision processes in the Central Andes constrained by converted seismic phases: Nature, 

v. 408, p. 958–961, doi: 10 .1038 /35050073 .

Yuan, X., Sobolev, S.V., and Kind, R., 2002, Moho topography in the central Andes and its geo-

dynamic implications: Earth and Planetary Science Letters, v. 199, p. 389–402, doi: 10 .1016 

/S0012 -821X (02)00589 -7 .

Zandt, G., Leidig, M., Chmieloski, J., Baumont, D., and Yuan, X., 2003, Seismic detection and 

characterization of the Altiplano-Puna magma body, central Andes: Pure and Applied Geo-

physics, v. 160, p. 789–807, doi: 10 .1007 /PL00012557 .

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/14/1/50/4048423/50.pdf
by University of South Florida user
on 08 May 2019

http://geosphere.gsapubs.org

	Receiver Function Analyses of Uturuncu Volcano, Bolivia and Vicinity
	Scholar Commons Citation
	Authors

	ABSTRACT
	INTRODUCTION
	DATA
	METHODS
	RESULTS
	DISCUSSION
	SUMMARY AND CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES CITED
	Equation 1
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Supplemental Table S1
	Supplemental Table S2
	Supplemental Figures

