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Southern Chile crustal structure from teleseismic receiver functions: 
Responses to ridge subduction and terrane assembly of Patagonia
E.E. Rodriguez* and R.M. Russo
Department of Geological Sciences, University of Florida, Gainesville, Florida 32611, USA

ABSTRACT

Continental crustal structure is the product of those processes that operate 
typically during a long tectonic history. For the Patagonia composite terrane, 
these tectonic processes include its early Paleozoic accretion to the South 
America portion of Gondwana, Triassic rifting of Gondwana, and overriding 
of Pacific Basin oceanic lithosphere since the Mesozoic. To assess the crustal 
structure and glean insight into how these tectonic processes affected Pata-
gonia, we combined data from two temporary seismic networks situated 
inboard of the Chile triple junction, with a combined total of 80 broadband 
seismic stations. Events suitable for analysis yielded 995 teleseismic receiver 
functions. We estimated crustal thicknesses using two methods, the H-k stack-
ing method and common conversion point stacking. Crustal thicknesses vary 
between 30 and 55 km. The South American Moho lies at 28–35 km depth in 
forearc regions that have experienced ridge subduction, in contrast to crustal 
thicknesses ranging from 34 to 55 km beneath regions north of the Chile 
triple junction. Inboard, the prevailing Moho depth of ~35 km shallows to 
~30 km along an E-W trend between 46.5°S and 47°S; we relate this structure 
to Paleozoic thrust emplacement of the Proterozoic Deseado Massif terrane 
above the thicker crust of the North Patagonian/Somún Cura terrane along 
a major south-dipping fault.

 ■ INTRODUCTION

Tectonic History

Southernmost South America (Fig. 1), comprising continental terranes south 
of the Río de la Plata craton (Rapela et al., 2007; Ramos, 2008), has been per-
haps the least studied of continental regions—at least using seismic techniques. 
Patagonia is an unusually young continental mass, due to its relatively recent 
(Paleozoic) amalgamation, which brought together continental fragments formed 
through magmatic processes during several episodes in the Proterozoic (e.g., 
Mundl et al., 2015, 2016; Schilling et al., 2017). Noteworthy tectonic processes 
that affected these Patagonian terranes include Carboniferous–Permian accre-
tion of the North Patagonia or Somún Cura Massif and the Deseado Massif, and, 
possibly a distinct South Patagonia terrane, to form the composite Patagonia 

terrane (Fig. 1), and its accretion to the South American portion of Gondwana 
(e.g., Schilling et al., 2017). Subsequent Mesozoic rifting of South America from 
Africa formed the wide South Atlantic passive margin and the Austral Magallanes 
Basin (e.g., Varela et al., 2012). Finally, a long history of subduction of oceanic lith-
osphere beneath western Patagonia began in the Mesozoic, and this has included 
episodes of spreading ridge subduction (e.g., Cande and Leslie, 1986; Breitspre-
cher and Thorkelson, 2009) and attendant volcanism during the late Cenozoic 
(e.g., Ramos, 1989; Gorring et al., 1997; Gorring and Kay, 2001). In this study, we 
focused on two aspects of this tectonic history by examining crustal structures 
related to the assembly of Patagonia from disparate continental fragments, and 
structural variability due to subduction of spreading segments of the Chile Ridge.
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Figure 1. Map of Patagonia basement terranes. Massifs are differentiated 
by red dashed borders, basins are shown in dashed blue, and the Rio de 
la Plata is denoted by a black dashed line. Heavy dashed black line shows 
approximate limits of North and South Patagonia lithosphere. Study area 
limits are shown by black rectangle. Figure is modified from Ramos (2008), 
Rapela et al. (2007), and Pankhurst et al. (2006).
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The collisional assembly and later extensional history of Patagonia are 
recorded in the extant deformation of its basement terranes, two northwest- 
trending massifs, and bordering basins (Fig. 1). The North Patagonia Somún 
Cura Massif was deformed during the collision of North Patagonia with Gond-
wana and is bounded by the Cañadón Asfalto Basin to the south. The Deseado 
Massif was affected by the collision of southern Patagonia with northern 
Patagonia during the Carboniferous, as recorded by regional metamorphism 
(Pankhurst et al., 2006; Ramos, 2008). The Deseado Massif is bounded by the 
San Jorge Basin to the north and the Austral Magallanes Basin to the south, 
which opened in the Jurassic during a period of widespread extension (Wilson, 
1991; Varela et al., 2012). The boundaries between the basement massifs and 
the basins are not well defined, spatially, due to limited outcrop and an almost 
complete lack of observable contacts between identifiable units within either 
the massifs or basins (Ramos, 2008). It is unclear based on geologic observa-
tions, for example, whether or not the crust underlying the Austral Basin is 
identical to or differs in some way from that of the adjacent Deseado Massif.

Currently, the tectonic activity of Patagonia is largely dominated by the sub-
duction of the Chile Ridge, the active spreading ridge between the Antarctic and 
Nazca plates, which intersects the Chile Trench, forming a trench-trench-ridge 
triple junction (Herron et al., 1981). The Chile Ridge began subducting beneath 
southernmost South America in the mid-Miocene, and the Chile triple junction 
has since migrated northward to 46.5°S, where an actively spreading segment 
is currently in the Chile Trench just offshore from the Taitao Peninsula (Fig. 2; 
Cande and Leslie, 1986; Breitsprecher and Thorkelson, 2009; Bourgois et al., 
2016). The triple junction is notably characterized by differing subduction rates 
on either side of the Chile Ridge, with the Nazca plate subducting at a rate of 
6.6 cm/yr and the Antarctic plate subducting at 1.85 cm/yr (Wang et al., 2007).

The subduction of the Chile Ridge system has been associated with variable, 
diachronously developed structures and magmatism in the overriding South 
America plate, where important differences in morphology and structures 
are found in forearc areas north and south of the present Chile triple junction 
related to the presence of a slab window (e.g., Ramos, 1989; Gorring et al., 
1997; Gorring and Kay, 2001; Russo et al., 2010a, 2010b). The direct effect of 
the subduction of the relatively young and buoyant oceanic crust produced 
at the ridge has been hypothesized to yield enhanced subduction erosion and 
subsequent thinning of the South American crust in areas where the ridge 
has subducted or is currently subducting. Bourgois et al. (1996) attempted to 
quantify the volume of this enhanced erosion using geologic and geochemical 
constraints, in combination with paleoreconstructions, and found a subduction 
erosion rate of 231–443 km3 km–1 m.y.–1, a rate significantly higher than rates 
of subduction erosion estimated for regions to the north of the Chile triple 
junction that have not undergone ridge subduction.

In this article, we show that the South American forearc crust is indeed 
thinned where the Chile Ridge has been subducted, relative to along-strike 
thicknesses farther north in our study area. We attribute this crustal thinning 
to enhanced subduction erosion due to ridge subduction (e.g., Bourgois et 
al., 1996, 2016). We also show that important variations in crustal structure 

appear to have originated during the assembly of Patagonia in the Paleozoic. 
We resolve a south-dipping, through-going crustal structure that places crust 
of the Proterozoic Deseado Massif terrane above crust of the North Patagonian– 
Somún Cura terrane.

Regional Geology

The known basement geology for our study region can be grouped into 
four distinct units that run approximately parallel to the Nazca–South Amer-
ica subduction zone: Eastern metamorphic complex, Western metamorphic 
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Figure 2. Simplified geologic map of the study region (modified from SERNAGEOMIN, 
2003). Volcanoes of the Southern volcanic zone are red triangles. Relative convergence 
velocities are from Wang et al. (2007). Blue dashed line denotes the edge of the slab 
window at 50 km depth from Russo et al. (2010a). The black dashed line shows the 
trace of the Liquiñe-Ofqui fault zone (LOFZ). The study area is delimited by red box 
in inset, upper right.
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complex, Patagonian Ranges, and North Patagonian Batholith (Fig. 2). The 
westernmost part of the study area, including the Guaitecas and Chonos Archi-
pelago islands and Taitao Peninsula, largely consists of surface outcrops of the 
Western metamorphic complex. In our study area, the Western metamorphic 
complex is composed of metaturbidite sequences, with some occurrences of 
metacherts and metabasites, dated to the Mesozoic, with metamorphism likely 
completed by the Early Jurassic (Hervé and Fanning, 2001).

Bordering the Western metamorphic complex to the east (Fig. 2), the arc 
domain is composed of the North Patagonian Batholith, a continuous mag-
matic belt that runs from ~40°S to 53°S. The North Patagonian Batholith is 
associated with episodic pulses of granitoid intrusions that occurred between 
the Late Jurassic and Pleistocene (Pankhurst et al., 1999). Two major pulses of 
North Patagonian Batholith magmatism include Cretaceous and early Miocene 
bands of felsic intrusions that are nearly identical geochemically (Pankhurst et 
al., 1999). An early Miocene portion of the North Patagonian Batholith extends 
northward from the latitude of the Chile triple junction along the active South-
ern volcanic zone and is divided by the dextral strike-slip Liquiñe-Ofqui fault.

East of the North Patagonian Batholith (Fig. 2), the back-arc domain is 
divided north-south at ~46.5°S–47°S into two units, the Patagonian Ranges and 
the Eastern metamorphic complex. The Eastern metamorphic complex is the 
older of these units, dated to the Late Devonian–early Carboniferous; it outcrops 
in the southeastern section of our study area (Hervé et al., 2003). The Eastern 
metamorphic complex is predominantly composed of metaturbidite sequences 
with some occurrences of higher-grade contact metamorphism near Mesozoic 
to Cenozoic intrusions (Hervé et al., 2003). The regional metamorphism of the 
Eastern metamorphic complex likely occurred during the Paleozoic accretion 
of the Patagonian microplate to South America (Bell and Suárez, 2000).

The Patagonian Ranges, outcropping to the north of the Eastern metamorphic 
complex, are Middle–Late Jurassic and Late Cretaceous volcanic-sedimentary 
successions (Pankhurst et al., 1998; Morata et al., 2004; Lagabrielle et al., 2007). 
A northern, Late Cretaceous group is composed of both intrusive and extrusive 
rocks ranging from felsic to mafic compositions, including dacitic to basaltic 
volcanic rocks and intrusive gabbros interbedded with sedimentary deposits 
(De La Cruz et al., 2003; Morata et al., 2004; Lagabrielle et al., 2007). The Mid-
dle–Late Jurassic group to the south is characterized by more felsic volcanic 
sequences of rhyolitic to dacitic compositions, also interbedded with sedimen-
tary deposits (Pankhurst et al., 1998; Morata et al., 2004; Lagabrielle et al., 2007).

 ■ DATA

In order to examine the crustal seismic structure of the region, we used 
the receiver function method, which relies on observations of the relative 
traveltimes of the direct P wave to Ps wave. At a subsurface velocity interface 
of high impedance contrast, for example, the Moho, a P wave will convert 
some of its energy to an S wave, producing a Ps arrival potentially visible on 
a radial receiver function. The P wave and Ps converted phase may generate 

multiple reverberations in the crust, which are also potentially visible on the 
radial receiver functions (Langston, 1977; Ammon et al., 1990; Ligorria and 
Ammon, 1999; Zhu and Kanamori, 2000). These converted S waves can be 
isolated within the P wave coda by deconvolving the vertical component seis-
mogram (including the P wave and its coda) from an equivalent-length time 
series of the radial component. Iterative deconvolution constructs the time 
series, called the receiver function, which, when convolved with the vertical 
component recording, yields the radial component time series (Ligorria and 
Ammon, 1999), thus isolating the Ps phase and later P to S conversions and 
reverberations within the crust.

Data were combined from two broadband seismic networks (Fig. 3A), the 
Chile Ridge Subduction Project (CRSP; data may be obtained from the Incor-
porated Research Institutions for Seismology [IRIS] Data Management Center, 
http://ds.iris.edu/ds/nodes/dmc/; https://doi.org/10.7914/SN/YJ_2004), which 
ran from December 2004 to February 2007, and the Seismic Experiment in 
the Aisén Region of Chile (SEARCH; data may be obtained from the IRIS Data 
Management Center, http://ds.iris.edu/ds/nodes/dmc/), which ran from Janu-
ary 2005 to March 2006. The networks included 39 and 41 broadband stations, 
respectively, yielding a total of 80 stations, and together encompassed an area 
from ~43.5°S to 48.5°S and 71°W to 76°W. We used a total of 102 earthquakes 
for the receiver function analysis (Fig. 3B). We used events with magnitudes 
≥5.9, from a variety of back azimuths and teleseismic distances (30°–90°). For 
each event, the north, east, and vertical channels were band-passed using 
a Butterworth filter with corner frequencies at 0.1–2.0 Hz, and a Gaussian 
smoothing parameter of 2.5. From these events, 995 receiver functions were 
produced using the iterative deconvolution method of Ligorria and Ammon 
(1999). Signal-to-noise was too low at stations QUIT and RIMA of the SEARCH 
deployment to produce useful receiver functions.

The station distribution of the combined CRSP and SEARCH networks 
was heterogeneous, particularly in station spacing: Station density was high 
enough in areas occupied east of 73°W to apply the common conversion point 
(CCP) stacking technique to the receiver functions, yielding continuous imagery 
of subsurface structure down to uppermost mantle depths. However, west of 
73°W, on the Taitao Peninsula and Chonos and Guaitecas islands, few stations 
of the SEARCH network were deployed, and those of the CRSP network were 
spaced at 70–100 km separation, which greatly reduced the quality of CCP 
imaging. Thus, we had to apply the H-k stacking technique to determine crustal 
structure beneath the western stations of the two deployments.

 ■ METHODS AND RESULTS

H-k Stacking Method

Crustal thicknesses, H, and compressional to shear wave velocity ratios 
Vp/Vs, k, were calculated using the H-k stacking method of Zhu and Kanam-
ori (2000). The k-value is directly related to Poisson’s ratio and may provide 
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information about the crustal composition (e.g., Clarke and Silver, 1993; Zandt 
and Ammon, 1995; Christensen, 1996). The method entails a two-dimensional 
grid search for an H-k pair that best fits the peaks of the aligned Ps phase 
and later crustal reverberations of the receiver functions at each station. The 
method assumes a one-dimensional velocity structure beneath the station for 
the mantle-crust boundary; however, lateral changes in the velocity structure 
beneath a station may complicate the grid search, as different ray paths to 
the station can sample different velocity structures.

We allowed for variable weighting of the contributions of converted phase 
peaks in determining the best-fitting H-k pair. Because converted and reverber-
ating phases were more readily identifiable in receiver functions from some 
stations than in others, we weighted their contributions to the H-k grid search 
differently; Ps phase weights ranged from 0.5 to 0.9, out of a possible total of 
1, and weights of the later-arriving PpPs and PsPs + PpSs phases ranged from 
0.05 to 0.3. The Moho depth range, H, was originally restricted to lie between 
20 and 60 km, and k values were allowed to range between 1.5 and 2.0. For 
some stations, these parameter ranges were further reduced to allow us to 
focus on more geologically reasonable results.

The H-k grid search method can yield multiple possible solutions as a result 
of a trade-off between H and k, and receiver functions are often equally well 
fit by bands of H-k values (Fig. 4). To assess the stability of the H-k estimate, 
we used bootstrap resampling of the receiver functions (Sandvol et al., 1998), 
selecting random subsets of receiver functions for each station, and then 
rerunning the H-k grid search for each of 200 resampled data sets. We detail 
the H-k results and corresponding standard deviations from the bootstrap 
resampling for individual stations in Table S1 (three-letter coded CRSP net-
work) and Table S2 (four-letter coded SEARCH network) and show results of 
the grid searches for each station that yielded useful results in Figures S9–S16 
(see Supplemental Material1).

H-k Stacking Results

For stations in the forearc region, crustal thickness increases northward in 
the Chonos and Guaitecas Archipelago islands, from 28 to 35 km beneath the 
Taitao Peninsula to values between 34 and 55 km in the northernmost parts 
of the islands (Fig. 5A). In the active arc region, crustal thicknesses smoothly 
shallow southward from ~43 km to 34 km.

Inland, the H-k grid search results were less consistent, particularly for the 
easternmost stations situated in the Patagonian Ranges and the Eastern meta-
morphic complex, where multiple bands of equally credible results appeared. 
For a group of stations near the Chile-Argentina border, crustal thicknesses 
from the H-k analyses vary between two bands of equally well-fit H and k val-
ues, spanning Moho depths from 33 to 47 km (Fig. 4). By binning the receiver 
functions by their back azimuths for these stations, north-south, and rerunning 
the H-k grid search for each bin, the results resolved into a single band of H-k 
values. H values from receiver functions from southerly back azimuths were 

Rodriguez, E.E., and Russo, R.M., 2019, Southern Chile crustal structure from teleseismic receiver functions:  
Responses to ridge subduction and terrane assembly of Patagonia: Geosphere, v. 15, https://doi.org/10.1130/GES01692.1. 

Supplemental material: https://doi.org/10.1130/GES01692.S1 

1 Supplemental Material. Includes receiver function 
stacks, H-k grid search, and bootstrapping results for 
each station, reported in tables and with their indi-
vidual grid search result figures. Please visit https://
doi.org/10.1130/GES01692.S1 or access the full-text 
article on www.gsapubs.org to view the Supplemen-
tal Material.
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systematically greater (33–47 km) than H values from northerly back azimuths 
(25–33 km). Assuming the best-fitting H-k values are valid, the thickest crust in 
the eastern study area, ranging from 40 to 47 km, occurs beneath the southern, 
Middle Jurassic Patagonian Range between 45.5°S and 46.5°S. North of 45.5°S, 
the apparent Moho sharply shallows, within a horizontal distance of less than 
50 km, to ~32–35 km. South of 46.5°S, the crust smoothly shallows to ~35 km.

For the forearc region, receiver functions from the three stations of the 
southern Taitao Peninsula, HOP, NWM, and SAD, yielded k values of ~1.64, in 
contrast to k values from Guaitecas and Chonos Archipelago stations, which 
were ~1.82 (Fig. 5B). To the east, at stations overlying the North Patagonian 
Batholith, k values were intermediate, averaging ~1.70. In the northern Pata-
gonian Ranges, k values were ~1.65. South of the northern Patagonian Ranges, 

in their southern portion and in the Eastern metamorphic complex, where we 
observed multiple bands of equally likely H-k grid search results, the k values 
were much less consistent, ranging between 1.62 and 1.85.

 ■ COMMON CONVERSION POINT STACKING METHOD

To improve resolution of the crustal structure of the back-arc region, a 
second method, the CCP stacking method developed by Dueker and Shee-
han (1997), as implemented by Zhu et al. (2006), was employed to reestimate 
crustal thicknesses in areas where close station spacing could yield reliable 
imaging. The CCP stacking method involves determining the arriving Ps phase 

CAL

Figure 4. Example multibanded H-k grid 
search from results at station CAL. Left: H-k 
grid search result, all data included. Red 
triangle—grid search result. Black stars—
grid search results for each individual run 
of the bootstrap. The colored bands show 
the contours of the grid search, with red 
being the minimum. Note two bands of H-k 
values fit the receiver functions equally well. 
Blue diamond is best-fitting H-k pair from 
bootstrapping all data, which is clearly a 
spurious average of the results for the two 
bands. Right: Receiver functions divided 
into two groups: receiver functions from 
events with northern back azimuths (top), 
and those from southern back azimuths 
(bottom). Note the two groups of receiver 
functions are well fit by two different H-k 
pairs, indicating that the structure beneath 
this station is highly heterogeneous.
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ray path from its Moho piercing point up to the station, and also a correction 
of receiver function amplitudes depending on the angle of incidence of the 
Ps phase (Dueker and Sheehan, 1997). We used the IASP91 velocity model of 
Kennett and Engdahl (1991) to migrate the arrival times of P-to-S conversions 
in the receiver function to depth. We chose to use the IASP91 velocity model 
rather than our H-k results because of the unusually high variability in k values 
in some areas of our study. The use of a one-dimensional (1-D) velocity model 
introduces variable uncertainties into our depth calculation of conversions, as 
receiver functions are mainly sensitive to the product of depth and seismic 
velocity (Ammon et al., 1990); however, modeling by Bishop et al. (2017) has 

shown that this uncertainty is relatively small, at most ±2.6 km, for a P wave 
velocity perturbation of 5%. We note also that variation in k values from 1.7 
to 1.8 entails conversion depth uncertainties of around ±5%. The receiver 
functions were then binned by their Moho piercing locations—the common 
conversion point for a group of Ps waves arriving at various stations—and 
the amplitudes of the receiver functions stacked in each of the bins. Crustal 
structure could then be determined by taking profiles through the three-di-
mensional volume (3-D) formed by the composite bins, providing an image 
of the structure throughout the crust (Fig. 6), rather than at each station, as 
for the H-k stacking method.
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CCP Stacking Results

CCP stacking yields a three-dimensional volume of conversion amplitudes, 
from which cross sections can be extracted. These sections were chosen to 
pass through regions of highest station density, as they offer the highest 
resolution as well as the minimum of spuriously interpolated interstation 
structure. The sections were therefore limited to the eastern (predominantly 
on-land) section of our study area. For the resulting CCP cross sections, we 
interpreted the Moho as the continuous, positive-amplitude P-to-S converter 
between 25 and 45 km depth.

The CCP stacking results reveal an overall northward-thickening crust from 
32 to 33 km at the southern margin of our study region at ~47.6°S to 37–38 km 
at the northern margin at ~45.0°S (Fig. 7). At 47.0°S, the smoothly varying 
Moho shallows sharply from 35 to 30 km. Northward, the Moho depth remains 
constant to 46.5°S, where it again deepens to 35 km, deepening further to 
37–38 km at 45.0°S. North of ~45.0°S, station spacing increases, and the CCP 
imaging includes spurious streaking at multiple depths, rendering the Moho 
converter unclear.

We observed two regionally extensive midcrustal converters in the CCP 
profiles (Fig. 7), one visible in the northern portions of the CCP sections, and 
the second appearing in the southern portions of the generally N-S–trending 
sections. The southern converter dips southward from ~12 km depth at 46.5°S 
to 17 km at ~47.6°S. The northern converter dips northward from 12 to 13 km 
depth at 46.5°S to ~20 km at ~44.5°S. Assuming the converters form a contin-
uous surface at midcrustal depths, we can show that this surface culminates 
at depths of ~15 km along a linear, approximately east-west–striking zone 
between ~46.25°S and 46.5°S.

 ■ DISCUSSION

H-k Stacking

Our results at a group of eastern stations (~72°W), from both the CRSP 
and SEARCH deployments, exhibited bands of H and k values that fit the 
bootstrapped receiver function data equally well (Fig. 4; see also Figs. S9–S16 
[footnote 1]). The H-k results for this region showed a clear and sudden south-
to-north decrease in apparent crustal thickness from ~41–42 km at 46.5°S to 
~30–32 km at 45.5°S at ~72°W (Fig. 5A). This region also coincides with an 
area of high variability in k values, from ~1.7 to ~1.8, with no corresponding 
changes in surface geology (Fig. 5B). We showed above (see H-k Results) 
that these ambiguities in the H-k grid search results at these eastern sta-
tions can be ameliorated by binning of the receiver functions into groups 
from northerly and southerly back azimuths and rerunning the grid search. 
Crustal thicknesses from these rebinned results are consistent with a strong, 
short-wavelength variation in crustal structure: H values from southern back-az-
imuth receiver functions were 33–47 km, but those for northern back-azimuth 

receiver functions were only 25–33 km. The Moho beneath the Eastern met-
amorphic complex and the Patagonia Ranges deepens by ~12 km over a N-S 
distance less than 50 km, indicating a northward Moho dip of ~11°, assum-
ing the change in Moho depth is linear. The H-k grid search method is best 
suited for mode conversions that occur at sharp, laterally continuous horizontal 
interfaces (e.g., Ammon, 1991; Cassidy, 1992). Thus, given evidence that this 
assumption is violated in the eastern study area, the H-k Moho depth picks 
may not be accurate estimates of the crustal thickness in this region. There-
fore, for the group of stations east of ~73°W, we derived our interpretations 
from the CCP stacking results. For the more widely separated stations of the 
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Taitao Peninsula and Chonos and Guaitecas islands, the H-k stacking results 
showed more easily identifiable Moho conversions (Figs. S1–S4) and a sin-
gle major band in the H-k stacking (Figs. S9–S12), which are robust, and the 
following discussion of crustal thicknesses in those areas was derived from 
the H-k stacking results (Fig. 8).

We interpret crustal thickness differences between the Taitao Peninsula 
and the northern Chonos and Guaitecas Archipelago islands to be the result 
of subduction erosion and crustal thinning due to the subduction of the Chile 
Ridge beneath Taitao during the last 6 m.y. The crust of overriding South 
America beneath the southern Taitao Peninsula has been thinned to 28–34 

km, whereas crustal thickness is systematically greater, 35–55 km, where the 
Chile Ridge has not yet subducted, beneath northern Taitao and the Chonos 
Archipelago. The young oceanic lithosphere of the Chile Ridge is relatively 
hot and consequently relatively buoyant. The increased buoyancy results in 
greater subduction erosion and thinning of the overriding South American 
crust as the ridge subducts (Bourgois et al., 1996).

The three stations situated on the southern Taitao Peninsula have k values 
of ~1.64, in strong contrast to the ~1.82 values of the Western metamorphic 
complex in the Chonos islands, farther north. The ~1.82 values of the Western 
metamorphic complex are consistent with the values expected for the metat-
urbidites described by Hervé and Fanning (2001). The low k values found on 
the Taitao Peninsula may be associated with the granitic intrusions found on 
the peninsula (e.g., De Long et al., 1979). These intrusions are thought to be 
sourced from the partial melting of oceanic crust at the Chile Ridge, as it sub-
ducted (Kaeding et al., 1990; Kilian and Behrmann, 2003; Anma et al., 2009). 
Continental sediments forming the accretionary complex are also thought to 
have been incorporated into melts due to enhanced subduction erosion during 
ridge subduction (De Long et al., 1979).

In the region of the North Patagonian Batholith, crustal thickness attains 
values from 36 to 43 km, with generally thicker crust to the north but no appar-
ent sharp transitions in Moho depth. The k values in this area vary from ~1.70 
to ~1.77, a range that is consistent with a mean granitic crustal composition 
(Zandt and Ammon, 1995; Christensen, 1996), as expected given the observed 
composition of the North Patagonian Batholith.

CCP Stacking

The CCP stacking and H-k stacking methods yielded two different crustal 
structures for the region. The most significant differences in crustal depth 
estimates were observed where the Moho derived from the CCP stacking 
method rapidly shallows from 35 to 30 km near 46.5°S and 47.0°S (Fig. 7). The 
discrepancies between the H-k and CCP results likely stem from the inappropri-
ate assumptions inherent in the H-k method, which assumes velocities do not 
vary laterally beneath the station as converted waves pass through the Moho 
to the station. However, for a dipping or discontinuous Moho, incoming rays 
sample distinct portions of the Moho, which can produce discrepant depths 
of mode conversion, dependent on the ray’s piercing point. The single Moho 
pick resulting from the H-k grid search in a region of varying conversion depths 
can then lead to spurious crustal thickness estimates (e.g., Fig. 4).

The CCP stack explicitly accounts for possible 3-D structure by combining 
receiver functions according to the common conversion point of ray paths 
beneath a group of stations, rather than stacking the ray paths at the stations 
themselves. The presence of the high-amplitude midcrustal converters illumi-
nated by the CCP results provides the key for understanding the H-k results: 
The shallow Moho depths picked by the H-k grid search, north of 45.5°S in the 
back-arc region (Figs. 6 and 7), appear to have been influenced by the presence 
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of these midcrustal converters. However, the actual Moho is visible in the CCP 
stack imaging beneath these midcrustal converting interfaces. Thus, the CCP 
stack results provide a more reliable estimate of crustal structure and were 
used for interpretations of the back-arc crustal structure, wherever possible.

Midcrustal Converters

The midcrustal converters we resolved in the data strike approximately 
east-west, culminating between ~46.25°S and 46.5°S from depths of 15 km 
at ~47.3°S and 21 km at ~44.5°S (Fig. 9). In order to produce a P-to-S conver-
sion, the generative interfaces must entail a reasonably strong impedance 
contrast. Therefore, juxtaposition of rocks of distinct seismic velocity and/
or density, or of strongly varying seismic anisotropy, or perhaps of varying 
physical state, i.e., partial melt, may be possible sources of these conversions. 
The observed midcrustal converters may represent transitions in lithology, 
juxtaposing rocks of different densities; they may be décollement or ductile 

fault surfaces characterized by strong petrologic fabrics and therefore strong 
seismic anisotropy; and at least in some places, they may be areas of partial 
melt underlying the active Southern volcanic zone (e.g., Wittlinger et al., 2004; 
Gans et al., 2011; Shi et al., 2015; Stanciu et al., 2016). The midcrustal converters 
are not uniquely spatially associated with the North Patagonian Batholith rocks, 
so conversions generated by a current midcrustal accumulation of partial melt 
seems unlikely. If a converter is a highly anisotropic midcrustal décollement, 
this surface is very extensive regionally, and would require strong shearing 
displacement along thousands of square kilometers without any apparent sur-
face manifestation of such shear. We note, also, that the converters apparently 
underlie fairly heterogeneous geology, including the active arc, in part, and 
thus an ancient origin for the surface seems improbable.

Thus, the most likely origin of the midcrustal converters is a juxtaposi-
tion of different upper- and lower-crustal lithologies. The regional geology is 
consistent with a felsic mean composition of the upper crust. Several lines of 
evidence point to a more mafic lower crust underlying the study area, gener-
ally. Petrologic studies on the widespread Jurassic rhyolitic rocks of Patagonia, 
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including those of the Patagonian Ranges, which outcrop above the northern 
midcrustal converter, have shown that these felsic rocks likely stem from 
Jurassic partial melting of late Proterozoic mafic lower-crust units (Pankhurst 
and Rapela, 1995; Pankhurst et al., 2000). The northern midcrustal converter 
may therefore be the interface between this felsic upper crust and Grenvil-
lian-aged mafic basement.

The midcrustal converter to the south may similarly represent an inter-
face between a mafic lower and felsic upper crust. The southern midcrustal 
converter overlies a region of thinner crust that we have identified as the north-
ernmost crust of the Austral Basin. The Austral Basin opened as the result of 
regional extension during the Jurassic (Varela et al., 2012) and developed into 
a back-arc basin, the Rocas Verdes Basin, south of our study area during the 
Early Cretaceous (Dalziel, 1974; Wilson, 1991). The southern midcrustal con-
verter may represent the top surface of mafic lower crust that formed during 
this extension. Alternatively, this crust could also comprise felsic upper crust 
over a Grenville-age, or even older (see Schilling et al., 2017), mafic lower crust, 
as we postulated for the crust farther north. We note that such heterogeneous 
crust was formed ubiquitously in collisional settings around the Gondwana 
perimeter (Foster and Goscombe, 2013), including, apparently, in Patagonia.

Crustal Thicknesses and Architecture

Results from the CCP stacking method delimit crustal thicknesses between 30 
and 38 km in the arc and back-arc regions (Figs. 6 and 7). The Moho smoothly var-
ies from ~37 km depth at the on-land northern margin of our study area at ~45°S, 
shallowing southward. A sharp jump in the Moho, from 35 km to ~30 km depth, 
occurs at 46.5°S. The Moho depth remains constant southward to 47°S, where 
it deepens again to 35 km and then smoothly shallows to 32–33 km at ~47.5°S.

Changes in depth of the Moho are not obviously associated with the sur-
face geology, particularly where the voluminous Patagonian batholiths mask 
evidence of crustal deformation, except for perhaps the east-west–trending 
shallowing of the Moho at 46.5°S–47.0°S (Fig. 7). This Moho culmination (Figs. 8 
and 9) coincides with the abrupt change at the surface from outcrops of the 
Patagonian Range to the north along the Chile-Argentina border to those of the 
Eastern metamorphic complex farther south (Fig. 9). The Moho culmination also 
coincides spatially with the approximately east-west–trending culmination of 
the midcrustal converter we described in the previous section (see Fig. 9). Finally, 
the midcrustal and Moho culminations lie immediately south of the northern 
boundary of the slab window (Figs. 7 and 9), as defined tomographically by 
Russo et al. (2010a). In the following discussion, we sought the simplest expla-
nation for these spatial relationships (if any) among the Moho and midcrustal 
culminations, the slab window boundary, and the surface juxtaposition of the 
Paleozoic Eastern metamorphic complex and Mesozoic Patagonia Ranges out-
crops. Any such relationship implies that these structures were likely cogenetic.

Five scenarios are viable to explain, at least in part, the along-strike change 
in crustal thickness and/or architecture beneath the eastern Andes: (1) The 

structure arose from juxtaposition of crustal blocks of different thickness during 
Paleozoic assembly of Patagonia; (2) the change in crustal structure entailed 
a south-dipping thrust formed during Paleozoic Patagonia assembly; (3) the 
change in crustal architecture is actually an extensional structure that formed 
during Mesozoic rifting of Gondwana; (4) crustal thinning south of ~46.5°S is 
due to late Cenozoic thermal erosion at the base of the lithosphere, caused 
by asthenospheric inflow into the slab window; or (5) crustal thinning south 
of ~46.5°S is a result of late Cenozoic mechanical erosion of the overriding 
plate due to subduction of the buoyant spreading ridge. We address each of 
these possibilities in the following paragraphs.

The late Cenozoic scenarios for producing the observed Moho and mid-
crustal culminations lying beneath the eastern Andes both involve ablation 
of the Patagonian mantle lithosphere from below, such that the lower crust 
was also affected. The observed crustal thinning manifests as a linear zone, 
trending east-west and occurring 150–200 km east of the subduction trench. 
This structure is thus well inboard from both the trench and the zone of inter-
plate coupling; at these distances from the trench, any Nazca plate lithosphere 
generated at the Chile Ridge should have subducted to ~100–150 km depth. 
Furthermore, the slab window is well defined here (Russo et al., 2010a), and 
low seismic velocities extend into the transition zone from 50 km depth. Thus, 
although the crustal thinning we observed currently beneath the Taitao Pen-
insula, i.e., lying directly above very young, shallowly subducted Nazca plate 
lithosphere, can be explained by enhanced subduction erosion due to strong 
coupling between the subducting, thermally buoyant plate and the overriding 
forearc, such extensive removal (the Patagonian lithospheric mantle com-
pletely removed and the crust thinned by ~10 km) of the crust beneath the 
eastern Andes by mechanical coupling alone seems unlikely, given the pres-
ence of the slab window and the projected depth of any Nazca slab beneath 
the area of thinned crust.

Thermal erosion and basal removal of ~10 km of crust by late Cenozoic 
asthenospheric flow through the slab window (Russo et al., 2010a, 2010b) 
would also necessitate complete thermal ablation and removal of the sub-
crustal lithosphere beneath the eastern Andes. Such thermal ablation could 
explain the apparent relationship between the Moho and midcrustal culmina-
tions and the northern slab window edge (Fig. 7). The presence of extensive 
Miocene–Pleistocene “Meseta” basalts, which outcrop to the east of the Andes 
at the latitudes of the study region, and which are thought to have been caused 
by Chile Ridge subduction (e.g., Gorring et al., 1997; Gorring and Kay, 2001), 
is perhaps consistent with thermal ablation of the Patagonian mantle litho-
sphere and lower crust. However, exposures of older Paleozoic, more highly 
metamorphosed rocks of the Eastern metamorphic complex, relative to the 
Jurassic–Cretaceous, less metamorphosed Patagonian Ranges, imply differ-
ential crustal uplift south of the structural culminations and the slab window 
edge. It is not obvious that thermal ablation from below should result in uplift. 
Furthermore, removal of the Patagonian mantle lithosphere and some lower 
crust should reduce the strength of the thinned crustal remnant, which should 
then be weak relative to lithosphere to the north that has not experienced such 
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ablation. Given enhanced interplate coupling due to subduction of the Chile 
Ridge—while ablation is occurring—we would expect such thinned, weak 
Patagonian crust to undergo stronger shortening in the convergence direction 
than that in areas immediately to the north that were not affected by ridge 
subduction and slab window formation. However, strongly developed com-
pressional deformation in the southern Andes is not observed, and in fact, 
Schilling et al. (2017, see their figure 7) showed that the Patagonian lithosphere 
here is relatively thick, i.e., intact and not significantly thinned, implying it is 
relatively strong. Thus, we regard this scenario as less likely.

Could the observed crustal architecture be the result of Mesozoic rifting, as 
Gondwana separated into the current southern continent group? The thinner 
Patagonian crust south of the Moho and midcrustal culminations is a point in 
favor of this idea. If so, the implication is that this crust was thicker, but then 
it thinned during widespread Mesozoic rifting (e.g., Varela et al., 2012). The 
elevation of the Moho as the crust thins, as per the Moho culmination, is also 
potentially consistent with a rifting origin for the observed crustal architecture. 
Note, first, that the Moho and midcrustal culminations are not aligned vertically: 
The Moho culmination apparently lies south of the midcrustal culmination, and 
both structures strike apparently east-west. Thus, if these structural offsets are 
parts of a rifting structure or complex of structures (a large-scale fault, or fault 
zone, for example), that structure dips ~20° to the south (Fig. 9). The position 
of the Moho and midcrustal culminations, at approximately the northern end 
of the Austral Basin (Fig. 1), and the current approximately east-west strike and 
southerly dip of the putative rifting structure imply opening of the basin due 
to approximately north-south extensional stresses in this area, although the 
rifting generally seems to have opened linear basins with a more NW-SE trend, 
generally, farther to the south. A significant point against a rifting origin for this 
crustal architecture is that the southward dip of the potential rifting structure 
implies that it underlies the Eastern metamorphic complex (Fig. 9). If, as we 
implied above, this structure juxtaposes the Eastern metamorphic complex 
and the Patagonian Ranges at depth, then it places the older, Paleozoic East-
ern metamorphic complex apparently above the younger Jurassic–Cretaceous 
rocks of the Patagonian Ranges, i.e., a thrust geometry, not obviously consistent 
with a rifting origin. We can retain the hypothesis that the crustal architecture 
here is due to rifting if we dispense with the idea that the structure is also the 
surface along which the Eastern metamorphic complex and Patagonian Ranges 
are juxtaposed. The nature of the actual boundary between the two major 
outcropping units of the eastern Andes in the study area is then unresolved.

What of our two remaining possibilities, i.e., that the crustal architecture 
here is due to juxtaposition of terranes with different crustal thicknesses 
during Paleozoic amalgamation to form the composite Patagonian terrane, 
or the observed crustal structure was actually formed during the assembly of 
Patagonia? The hypothesis that the structure is a thrust fault that was active 
during Paleozoic assembly of Patagonia is viable if we dispense with the notion 
that this structure also juxtaposes the Eastern metamorphic complex and the 
Patagonian Ranges, since the latter developed only during the Mesozoic. The 
observed crustal architecture obviously could have developed by thrusting 

of a thin Deseado Massif terrane over a thicker North Patagonia/Somún Cura 
terrane during Paleozoic assembly of Patagonia (e.g., Ramos, 2008; Mundl 
et al., 2015; Schilling et al., 2017). Thus, the east-west–trending Moho culmi-
nation marking pronounced crustal thinning at 46.5°S–47.0°S (Fig. 9) almost 
certainly reflects crustal thickness differences that predate eastward subduc-
tion of Pacific Basin oceanic lithosphere beneath South America. We note 
that the metamorphism of the Eastern metamorphic complex was attributed 
by Bell and Suárez (2000) to Patagonian microplate assembly processes. The 
thinner crust in the southeasternmost portion of our study area lies within 
the northwestern portion of the Austral Basin (Ramos, 2008) and is likely the 
Paleoproterozoic Deseado Massif. Thicker crust to the north along and east 
of the Andes is likely the North Patagonian Batholith/Somún Cura terrane.

 ■ CONCLUSIONS

We used the H-k and CCP stacking methods on teleseismic receiver func-
tions recorded at stations inboard of and across the subducting Chile Ridge in 
order to study crustal thickness and structures of the overriding South Amer-
ica plate. The results of the H-k and CCP methods were consistent for most 
of the region; however, in the eastern portion of the study region, both CCP 
images and H-k results deriving from azimuthally binned receiver function 
stacks revealed strong, short-length-scale differences in Moho depth, with as 
much as a 12 km difference between the crustal thickness estimates from the 
two techniques. The differences between crustal thickness observations are 
attributed to the assumptions made by the H-k stacking method. The results 
of the CCP stacking method, which accounted for these assumptions, thereby 
supersede the H-k stacking method results for interpretations. However, use 
of the CCP method throughout the region was limited spatially due to hetero-
geneous station distributions.

The results from both methods were combined in order to create a compre-
hensive crustal thickness map of the region. From the H-k stacking method, the 
direct effect of the subducting ridge on South America can be seen in crustal 
thickness differences in forearc regions that have experienced ridge subduc-
tion, where the Moho depth is 28–35 km. This contrasts with stations to the 
north of the Chile triple junction that have not experienced ridge subduction, 
which have crustal thicknesses of 34–45 km. Crustal thinning above the cur-
rent ridge subduction is a result of enhanced subduction erosion due to the 
Chile Ridge’s greater buoyancy. The South American forearc crust above the 
subducted Nazca plate is as much as 28 km thicker than forearc crust recently 
affected by ridge subduction and is as much as 11 km thicker than forearc crust 
above the subducting Antarctic plate.

From the CCP results, the regional Moho, overall, dips northward from 
32–33 km at the southern margin of our study region at ~47.6°S to 37–38 km 
at the northern margin at ~45.0°S. At 47.0°S, the smoothly varying Moho is 
disrupted by a sharp shallowing in depth from 35 to 30 km, where the depth of 
the Moho northward remains constant to 46.5°S. At 46.5°S, the Moho deepens 
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again to 35 km and continues to deepen to 37–38 km at 45.0°S. The east-west 
trend of the thinned crust between 46.5°S and 47°S and its distance from the 
subduction zone implies that it is likely a primary structure of the crust related 
to the assembly of Patagonia. The observed crustal architecture is consistent 
with thrusting of a thin Deseado Massif terrane over a thicker North Patagonia/
Somún Cura terrane during Paleozoic assembly of Patagonia.
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