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S U M M A R Y

The Pampean flat slab of central Chile and Argentina (30◦–32◦S) has strongly influenced

Cenozoic tectonics in western Argentina, which contains both the thick-skinned, basement-

cored uplifts of the Sierras Pampeanas and the thin-skinned Andean Precordillera fold and

thrust belt. In this region of South America, the Nazca Plate is subducting nearly horizontally

beneath the South American Plate at ∼100 km depth. To gain a better understanding of the

deeper structure of this region, including the transition from flat to ‘normal’ subduction to

the south, three IRIS-PASSCAL arrays of broad-band seismic stations have been deployed in

central Argentina. Using the dense SIEMBRA array, combined with the broader CHARGE and

ESP arrays, the flat slab is imaged for the first time in 3-D detail using receiver function (RF)

analysis. A distinct pair of RF arrivals consisting of a negative pulse that marks the top of the

oceanic crust, followed by a positive pulse, which indicates the base of the oceanic crust, can

be used to map the slab’s structure. Depths to Moho and oceanic crustal thicknesses estimated

from RF results provide new, more detailed regional maps. An improved depth to continental

Moho map shows depths of more than 70 km in the main Cordillera and ∼50 km in the

western Sierras Pampeanas, that shallow to ∼35 km in the eastern Sierras Pampeanas. Depth

to Moho contours roughly follow terrane boundaries. Offshore, the hotspot seamount chain of

the Juan Fernández Ridge (JFR) is thought to create overthickened oceanic crust, providing a

mechanism for flat slab subduction. By comparing synthetic RFs, based on various structures,

to the observed RF signal we determine that the thickness of the oceanic crust at the top of

the slab averages at least ∼13–19 km, supporting the idea of a moderately overthickened crust

to provide the additional buoyancy for the slab to remain flat. The overthickened region is

broader than the area directly aligned with the path of the JFR, however, and indicates, along

with the slab earthquake locations, that the flat slab area is wider than the JFR volcanic chain

observed in the offshore bathymetry. Further, RFs indicate that the subducted oceanic crust in

the region directly along the path of the subducted ridge is broken by trench-parallel faults.

One explanation for these faults is that they are older structures within the oceanic crust that

were created when the slab subducted. Alternatively, it is possible that faults formed recently

from tectonic underplating caused by increased interplate coupling in the flat slab region.

Key words: Seismicity and tectonics; Body waves; Continental margins: convergent;

Dynamics of lithosphere and mantle; Crustal structure; South America.

I N T RO D U C T I O N A N D T E C T O N I C

B A C KG RO U N D

The western margin of South America between 30◦ and 32◦S is

characterized by the flat slab subduction of the ∼43 Ma oceanic

Nazca Plate beneath the continental South American Plate at a rate

of ∼7.5 cm yr−1, with an azimuth of ∼74◦ (DeMets et al. 2010).

The low angle subduction has prevented magmatism in the area

since the late Miocene, due to reduced mantle flow above the sub-

ducting slab, and spatially correlates with the formation of both

thick-skinned [Sierras Pampeanas (SP)] basement-cored uplifts and

the thin-skinned (Andean Precordillera) fold and thrust belt within
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46 C. R. Gans et al.

the region (e.g. Jordan et al. 1983; Kay et al. 1991; Ramos et al.

1996). Total crustal shortening is believed to range between 150

and 170 km (Allmendinger et al. 1990). The flat slab follows the

path of the subducting Juan Fernández Ridge (JFR), a hot spot

seamount chain on the Nazca Plate (Pilger 1981), and its geometry

has been determined using both global seismicity data sets (Cahill

& Isacks 1992) and relocated slab earthquakes using local array data

(Anderson et al. 2007). Several names have been assigned to the flab

slab in this region: the Chile–Argentina flat slab, the Chilean flat

slab, the Central Andean flat slab and the Pampean flat slab; in this

paper we will use the term Pampean flat slab to describe the litho-

spheric analysis on the Argentinean side. The Pampean flat slab has

been of particular interest to scientists working in the western United

States, as the present-day South American geometry is often consid-

ered an analogue, although on a much smaller scale, to the flat slab

subduction that occurred during the Laramide orogeny in the United

States (e.g. Jordan & Allmendinger 1986; Saleeby 2003; DeCelles

2004).

Flat slab subduction is found in approximately 10 per cent of sub-

duction zones worldwide (Gutscher et al. 2000b). In such regions,

the subducting slab changes dip from normal (steeply dipping at

∼30◦) to subhorizontal. The depth at which slabs flatten, and their

horizontal extent from the trench, varies between subduction zones

(e.g. Gutscher et al. 2000b). In our region of study, the Nazca slab

initially dips underneath the continent and flattens at a depth of

approximately 100 km, remaining almost horizontal for ∼300 km

before descending more steeply into the mantle (Cahill & Isacks

1992; Gutscher et al. 2000b; Fig. 1). There are many proposed

mechanisms for flab slab subduction, including: (1) subduction of

lithosphere of increased buoyancy resulting from its young age or

the subduction of overthickened oceanic crust (as in a plateau or

ridge), (2) overthrusting of the subducting plate and (3) suction

forces between the slab and the overriding plate (e.g. Pilger 1981;

McGeary et al. 1985; Gutscher et al. 2000b; van Hunen et al. 2004;

Guillaume et al. 2009). The area of the Pampean flat slab may meet

both the first and second criteria, as the JFR may provide additional

buoyancy (Yáñez et al. 2001) and the South American Plate is over-

riding the Nazca Plate at approximately 1 cm yr−1 in the direction of

∼350◦ (Gripp & Gordon 2002). Yáñez et al. (2002) predict a mean

oceanic crustal thickness of 20–22 km for the already subducted

portion of the JFR, based on gravity modelling. Using seismic re-

flection data, Kopp et al. (2004) did not find overthickened crust in

the offshore portion of the JFR, however, instead only moderately

thick (∼8–10 km) oceanic crust. They attribute the buoyancy of the

Nazca slab to hydration of the crust and upper mantle portion of the

slab, rather than it having overthickened oceanic crust. Martinod

et al. (2005) conducted analogue experiments involving subduction

of oceanic plateaus and concluded that the current size of the JFR

is not large enough to initiate flat slab subduction, but that the pre-

vious trench-parallel subduction of a portion of the JFR (around

14–10 Ma) could explain the present day geometry. One of the aims

of this paper is to use receiver function (RF) analysis to determine

whether the already subducted portion of the JFR is overthickened

and how much buoyancy it could then add to the slab.

There were three major episodes of extension in the upper South

American Plate, which weakened the crust (Ramos 2009) and con-

tributed to the more recent pattern of Cenozoic crustal deformation.

The first episode was during the late Paleozoic, where pull-apart

rifting in the southwest SP likely controlled dextral faulting along

previously existing structures associated with oblique subduction

(Rapela et al. 1998; Ramos et al. 2002). During Late Triassic-Early

Jurassic extension, there was faulting that reached the western edge

of the Pampia terrane (which would later become the location of the

SP). The third event was during the Early Cretaceous, when normal

faulting shifted eastward due to the opening of the South Atlantic

(Ramos et al. 2002). This extension, controlled by older basement

fabrics and crustal-scale structures, influenced the subsequent up-

lift, creation and distribution of regional normal faults in the eastern

Figure 1. Location map with broad-band seismic stations used in this study. Region of high seismicity outlines the flat slab. Slab contours from Anderson

et al. (2007). Morphological provinces discussed in text are outlined; terrane boundaries are dashed grey lines (see text for details). SVF, Sierra de Valle Fértil;

JFR, Juan Fernández Ridge.
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Seismic imaging of the Pampean flat slab 47

Sierras Pampeanas (ESP, Ramos et al. 2002). There have also been

interlaced episodes of compression, when, according to some au-

thors, the Pampia and the Cuyania terranes accreted onto the Rio de

la Plata craton, during the Mesoproterozoic and the middle Ordovi-

cian, respectively (Ramos et al. 2010). Most recently, compression

during the Cenozoic built the modern Andes and uplifted the SP.

While the exact boundaries between terranes/cratonic blocks and

the timing of their collisions are still debated, these sutures have

had a strong influence on the Cenozoic tectonics of the SP region

(e.g. Ramos et al. 2002; Rapela et al. 2007).

The region is generally divided into four main morphological and

structural provinces, developed in the last ∼25 Ma of compression:

the Principal Cordillera, Frontal Cordillera, Precordillera and SP

(Fig. 1). The Principal Cordillera, consisting of Mesozoic marine

deposits, is characterized by thick-skinned tectonics in the northern

and southern segments, and thin-skinned tectonics in the central re-

gion (Ramos et al. 1996). The rigid block of the expansive Frontal

Cordillera contains Paleozoic-Triassic magmatic rocks, whereas the

shorter N–S span of the fold-and-thrust belt of the Precordillera con-

sists of Paleozoic carbonate platforms (Ramos et al. 1996). The SP

to the east are composed of a series of crystalline basement-cored

Precambrian-Early Paleozoic rocks, mostly formed starting ∼6 Ma,

and separated by basins (Jordan & Allmendinger 1986; Kay &

Abbruzzi 1996). The Sierra de Pie de Palo, one of the westernmost

basement-cored uplifts of the SP, is a region with increased seis-

mic activity, which terminates to the east at the boundary between

Pampia and the Cuyania terrane (e.g. Gutscher 2002; Alvarado et al.

2005; Fig. 1). Magmatic evidence suggests that the subducting Pam-

pean slab began to shallow in this area around 18 Ma and obtained

its present-day horizontal state by 7 Ma (Yáñez et al. 2001; Kay &

Mpodozis 2002). Arc magmatism migrated progressively eastward,

shutting off completely in the Main Cordillera and Precordillera

between 7 and 6 Ma (Kay & Abbruzzi 1996), and in the SP between

∼4.7 and 2 Ma (Gordillo & Linares 1981; Kay & Gordillo 1994;

Urbina et al. 1997).

To better constrain the crust and upper mantle structure in the

transition region between flat slab and normal subduction to the

south, several arrays of passive source seismic instruments were

deployed in Chile and west-central Argentina (e.g. CHARGE,

2000–2002; SIEMBRA, 2007–2009; ESP, 2008–2010). Broad-band

seismometers were initially deployed at 24 sites in central Chile and

Argentina (Chile Argentina Geophysical Experiment—CHARGE).

While results from this initial broad-scale deployment delineated

first-order larger-scale structure, such as thick crust and a very

weak Moho converted phase in the western SP transitioning to

thinner crust and a strong conversion from the shallower Moho

in the ESP (Fromm et al. 2004; Alvarado et al. 2005; Gilbert

et al. 2006), a denser array was needed to obtain higher-resolution

images of the crust and upper mantle. To this end, two more

broad-band arrays were deployed in Argentina, beginning in 2007

(Fig. 1). The Sierras pampeanas Experiment using a Multicom-

ponent Broad-band Array (SIEMBRA), a joint project between

the University of Arizona, USA, the Universidad Nacional de San

Juan and the Instituto Nacional de Prevención Sı́smica, Argentina,

comprised 44 sites distributed directly over the flat slab and sur-

rounding region. The ESP experiment, a collaboration between

Purdue University and Colorado College, USA, and the Univer-

sidad Nacional de San Juan and Universidad Nacional de Córdoba,

Argentina, contained 12 seismometers and was designed to investi-

gate the mountain building processes around the Sierra de Córdoba,

basement-cored uplifts located in the easternmost ranges of

the SP.

P R E V I O U S R F S L A B - I M A G I N G

S T U D I E S

There have been multiple studies of subducting slabs using RFs,

although none have obtained highly detailed 3-D images in a flat

slab region. In Alaska, Abers et al. (2006) plotted RF cross-sections,

perpendicular to the trench, that imaged the normally dipping sub-

ducting slab down to ∼120 km depth. They found a low velocity

layer at the top of the downgoing plate (aligned to, but at a differ-

ent slope than, the Wadati–Benioff Zone), which they proposed to

be the subducting oceanic crust. Such a Low Velocity Zone (LVZ)

has also been imaged in other subducting slabs around the world,

including those with normal dip: Cascadia (Abers et al. 2009),

SW Japan (Iidaka et al. 2009), Alaska (Ferris et al. 2003; Abers

et al. 2006), Mariana (Tibi et al. 2008), Central Andes (Yuan et al.

2000) and one with flat slab subduction: Mexico (Perez-Campos

et al. 2008; Kim et al. 2010). For a more extensive reference list

on subducting slab LVZs, see Hacker et al. (2003b) or Audet et al.

(2010). This low velocity layer has been variously interpreted as

basalt and gabbro metastably extending into the eclogite stabil-

ity field, hydrous blueschist, a two-layer oceanic crust plus hydrous

metasediments, a serpentinized layer above or below the subducting

crust, altered oceanic crust, a low-velocity mantle wedge remnant

or hydrated oceanic crust at low temperatures (e.g. Helffrich 1996;

Hacker et al. 2003b; Abers 2005; Kawakatsu & Watada 2007; Perez-

Campos et al. 2008; Abers et al. 2009; Song et al. 2009; Kim et al.

2010). Most thickness estimates for this LVZ (oceanic crust) range

between 7 and 13 km.

DATA A N D M E T H O D S

The SIEMBRA project recorded data from 40 broad-band seis-

mometers at 44 sites (Fig. 1). Besides the hundreds of teleseis-

mic events recorded during this period, almost 90 000 local earth-

quakes were detected. In addition to the SIEMBRA experiment,

we incorporated data from the CHARGE and ESP experiments,

as well as stations PEL from the Geoscope Global Network and

UNSJ from the Universidad Nacional de San Juan. Several of the

SIEMBRA stations were relocated at the same sites previously used

for the CHARGE stations, to gather additional data at the same

location.

We carried out RF analysis on teleseismic P, PP and PKP phases

recorded during the three experiments. P phases were chosen for

large magnitude earthquakes at distances between 25◦ and 95◦,

PP from 95◦ to 180◦ and PKP from 110◦ to 160◦. PP and PKP

phases were included in this study to increase the azimuthal distri-

bution of events. Seismograms were initially bandpass filtered from

0.15 to 5 Hz, to remove microseisms and anthropogenic noise, and

rotated into radial, tangential and vertical components. RF analy-

sis produces a time-series computed from three-component data,

and is sensitive to discontinuities in the crust and upper mantle.

We employed an iterative pulse-stripping time-domain deconvolu-

tion technique (Ligorria & Ammon 1999), in which the vertical

P-wave component is deconvolved from the horizontal (radial and

tangential) components, and a time-series of Gaussian spikes is

formed. RFs contain no information about the source, and the am-

plitude and timing of the P–SV (Ps) conversions are related to

the magnitude and depth of discontinuities below the receiver (e.g.

Langston 1977; Owens et al. 1984). They are most dependent on

the thickness and gradient of the shear wave velocity and the den-

sity contrasts between layers. By varying the width of the Gaussian

C© 2011 The Authors, GJI, 186, 45–58
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used in the deconvolution, which acts as a low-pass filter, the fre-

quency content of the RFs can be tuned to highlight the features

of interest. The minimum wavelength of the signal is therefore re-

stricted, and thus the resolution of recoverable layers is controlled.

For this study, we looked at Gaussian values of 0.6, 1, 2.5 and 5,

which correspond to low-pass filters of corner frequencies 0.3, 0.5,

1.2 and 2.4 Hz, respectively. Assuming a shear –wave speed of

4 km s−1, RFs corresponding to the aforementioned Gaussian val-

ues will only be able to recover layers with thicknesses greater than

∼3, 2, 1 and 0.5 km, respectively. For the results presented here, we

chose a Gaussian width of 2.5; our maximum resolution is therefore

∼1 km.

After calculation, the RFs were both normalized (P-wave has unit

amplitude equal to 1 near 0 s lag time) to increase the amplitudes

of Ps conversions after the direct arrival (Gilbert et al. 2006) and

left unnormalized, and then quality controlled. Amplitude normal-

ization will be addressed in the stacking algorithm discussed below.

All RFs were first required to have at least a 70 per cent variance

reduction (70 per cent of the signal is fit) in the radial RFs. Next,

all RFs were visually inspected, and traces of poor quality (with a

negative first arrival, or a significant delay in the direct P arrival,

for example) were eliminated. Out of the 8104 starting RFs for a

Gaussian of 2.5, a total of 5086 normalized RFs passed inspection,

and 5082 unnormalized RFs.

Of the 39 SIEMBRA stations that were unique to this deploy-

ment, the average number of good-quality RFs per station was

79, with a maximum of 145 at MAJA and a minimum of 14

at UNSJ (which began operation six months prior to the end of

the SIEMBRA deployment). Four stations were reinstalled at old

CHARGE station locations, and combining data provided an aver-

age of 158 good RFs per station. Of the 10 remaining CHARGE

stations used in this study, an average of 35 RFs were useable,

while for the ESP stations, the average number of good RFs

was 84.

Once the RFs were computed, the traces were stacked using the

Common Conversion Point (CCP) stacking method (e.g. Dueker &

Sheehan 1997; Gilbert & Sheehan 2004), to increase the signal-

to-noise ratio and help identify lateral variations in features. By

stacking large numbers of RFs from multiple stations, with different

near surface effects, we are minimizing the noise in the RFs caused

by these effects. Over 5000 traces of Gaussian width 2.5 were

incorporated into the final stacks. A mesh of stacking bins was

created, and rays within a given bin were stacked together, with a

half-bin of sharing on either side. Fig. S1 shows ray density plots,

indicating that we have over 150 traces per bin in the flat slab

region. We tested various distances for spacing between nodes; for

the results presented here, bin centres are separated by 15 km in

the SW–NE direction, and 25 km in the NW–SE direction (Fig. 2).

Depth increment was a constant 0.5 km. To convert time to depth,

we used a P-wave velocity of Vp = 6.2 km s−1 above 50 km depth

(averaged Moho), and Vp = 8.0 km s−1 below. A uniform Vp/Vs of

1.75 throughout the network was assumed. This Vp/Vs value is the

same as used in determining slab earthquake locations by Anderson

et al. (2007) and is an average of the Vp/Vs values determined by

Gilbert et al. (2006). Assuming a different Vp/Vs across the study

area would move the arrivals in the CCP stacks slightly in depth, but

they would retain the same overall pattern. Each trace was multiplied

by ir/i, where ir is a depth invariant reference angle (20◦) and i is

the incidence angle calculated from P slowness. Amplitudes were

thus rescaled to correct for variations induced by using earthquakes

arriving at difference angles of incidence (e.g. Jones & Phinney

1998).

Figure 2. Map with location of CCP Stack mesh, which is aligned along the path of the JFR. Red boxes outline numbered cross-sections shown in Figs 4 and

5. Grey line shows location of crustal x-section shown in Fig. 6. Inset: theoretical receiver function on right (B), with corresponding velocity model on left (A).

We are looking for the negative-to-positive arrivals that represent the subducting oceanic slab.

C© 2011 The Authors, GJI, 186, 45–58
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Seismic imaging of the Pampean flat slab 49

As stated above, we calculated RFs that have been normalized

(P wave has unit amplitude equal to 1 near 0 s lag time) and un-

normalized. Normalization helps to down-weight traces that have

exceptionally large amplitudes, which would otherwise ‘overpower’

traces with smaller overall amplitudes. We have run the CCP stacks

using both the unnormalized and normalized data, and all ma-

jor features remain present. Results are very similar between the

normalized and unnormalized data (Fig. S2), with the normalized

data containing a few localized regions with high-frequency noise.

The stacks using the unnormalized data therefore appear slightly

smoother, and so we present the unnormalized data in this paper.

Other model parameters are listed in Fig. 2.

It is always prudent to consider whether the arrivals seen in

the RFs are primary arrivals, noise or reverberations. One simple

method to determine whether an arrival is a primary is to create a

radial RF phasing diagram, or moveout plot (Gurrola et al. 1994).

RFs with similar ray parameter are binned, averaged and finally

plotted as a function of slowness. A primary arrival should have

positive moveout (with the arrival time of phases increasing with

increasing ray parameter), and multiples have negative moveout

(arrival time decreasing with increasing ray parameter). Predicted

moveout curves for a direct P wave of a given layer thickness are

calculated using a constant Vp and Vp/Vs. Fig. 3 shows moveout

plots for two stations (GUAL and SASO), located directly above

the flat slab, calculated at a Gaussian of 2.5. In RFs, the oceanic

crust of the subducting slab can be identified as a negative polarity

arrival (blue), indicating a decrease in velocity with depth, followed

immediately by a positive arrival (red), representing the oceanic

Moho (inset, Fig. 2). The negative and positive arrivals that represent

the oceanic crust and oceanic Moho, respectively, and their multiples

are highlighted in Fig. 3. Portions of both first (PpPhs) and second

(PpShs + PsPhs) multiples are visible in this movout plot. For the

negative primary of the oceanic crust (black), the first multiple is

negative (blue) and the second positive (pink). The opposite is true

for the oceanic Moho signal. Layer thicknesses used to calculate

the moveout curves are shown to the right, using the same velocity

model as the CCP stacks.

R E S U LT S

The flat slab

CCP RF stacks from the flat slab region are shown in Figs 4 (along-

strike of the JFR) and 5 (cross-strike), with line locations in Fig. 2.

The mesh is rotated 23◦ counter-clockwise from horizontal (E–W)

to align with the approximate path of the subducting JFR. Due in

part to the higher resolution and longer time frame of the SIEMBRA

experiment, we are now able to image the subducting flat slab, a

key improvement on the previous work of Gilbert et al. (2006). A

prominent blue-to-red, negative-to-positive conversion representing

the oceanic crust is seen at around 80–100 km depth, in the region of

the earthquake hypocentre-determined flat slab (Figs 4 and 5). The

white circles are single event earthquake locations using the method

of Lienert et al. (1986), recorded during the SIEMBRA and ESP

deployments, with both P waves and S waves from >12 stations

and having station coverage with gaps <180◦. The earthquakes are

located using the same velocity model used to do the CCP stack

migration. A more detailed description of these earthquakes will be

presented in a separate paper currently in preparation. Cartoons in

Fig. 4 outline the interpreted flat slab and continental Moho, to the

extent of our confidence.

One striking observation of the RF results is the varying character

of the flat slab directly along the path of the JFR (e.g. X-Line 11)

versus slightly to the north, and off-ridge (e.g. X-Line 15). On the

northern edge of the flat slab, which aligns to the north of the path of

the JFR (X-Line 15), the negative-to-positive conversion is simple

and smooth, and does not vary greatly in thickness. Moving to the

southeast, the slab signal becomes more complex, and the negative-

to-positive conversion appears to become increasingly offset closer

to the direct path of the JFR (X-Line 11). This offset can also be seen

in the perpendicular NW–SE cross-sections, where the negative-to-

positive flat slab arrival in Y-Line 10 shoals along the grid to the

northeast, with Y-Line 14 showing the maximum offset. Y-Lines

15 and 16 image the ‘healing’ of the offset slab signal, and this

conversion returns to smooth and flat lying thereafter, until the

Figure 3. Moveout plots using a Gaussian of 2.5 for two stations located above the Pampean flat slab (see Fig. 1 for station locations), with the oceanic crust

and oceanic Moho highlighted by traveltime curves. Solid lines are theoretical traveltime curves. Black lines represent primary arrivals, blue lines represent

negative multiple arrivals and pink lines positive multiples. Layer thicknesses (km) are shown to the right. Traveltime curves calculated using the same velocity

model as the CCP stacks. See text for details.
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50 C. R. Gans et al.

Figure 4. Left-hand side: selected SW–NE CCP Receiver Function Stacks. Note the varying character of the oceanic crust. Continental Moho depths

are greatest to the west (∼70–60 km) and shallow to the east (∼40 km). Right-hand side: cartoon of CCP Stacks with continental Moho and flat slab

highlighted. Stars represent maximum positive/negative amplitudes of traces. Blue triangles are seismic stations, white circles are earthquakes recorded during

the SIEMBRA experiment, vertical black dashed lines mark terrane boundaries suggested by geological studies (see text for details). See Fig. 2 for line

locations.
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Seismic imaging of the Pampean flat slab 51

Figure 5. Selected NW–SE CCP Receiver Function Stacks. Note the varying character of the oceanic crust. Flat slab is imaged in most cross-sections (black

ellipse), but starts to disappear as the eclogite transition is reached (Y-Line 20). Blue triangles are seismic stations, white circles are earthquakes recorded

during the SIEMBRA experiment. See Fig. 2 for line locations.
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52 C. R. Gans et al.

Figure 6. Top panel: CCP Stack along section shown in Fig. 2 that contains the most continuous slab seismicity from the flat slab region to depths of ∼180 km

and the highest station coverage. Grey shaded line marks a possible location of the top of the slab (1) in the flat region (solid) and dipping region (dashed).

Note slab seismicity is ∼20 km below the top of the slab and does not appear to be offset where the oceanic Moho is offset (red lines). The thin dashed line

(top and bottom plots) marks an alternate possibility for the top of the slab (2) if a sliver of the slab was accreting to the bottom of the upper plate. Continental

crustal thicknesses are greatest underneath the Andean Cordillera and Precordillera and shallow to the east. Blue triangles are seismic stations, white circles

are earthquakes. Slab earthquakes occur predominantly in the oceanic mantle of the subducting slab. Note that Moho multiples are below interpreted flat slab.

Bottom panel: cartoon showing two possible locations for the top of the subducting slab.

signal disappears in Y-Lines 20 and 21. These offsets are laterally

extensive (spanning at least ∼125 km), and located in the region

with the highest station coverage. We have over 150 traces per

bin being stacked in the region with the offset (Fig. S1), and are

confident that the offsets we are imaging in the flat slab region are

real, and not due to near-surface velocity variations, for example.

Fig. 6 is a cross-section showing the most continuous slab seis-

micity from the flat slab region to depths of ∼180 km and having

the highest station coverage. We note that the slab seismicity is

not offset where we observe an offset in the oceanic Moho. We

can interpret a relatively smooth interface about 10–20 km above

the slab earthquakes as the active plate interface accommodating

convergence between the two plates. Two possibilities for the plate

interface are illustrated in Fig. 6: one at the top of the oceanic crust

with internal deformation within the crust and the other cutting up

from the base of the oceanic crust to the top, outlining a ‘sliver’

being transferred from the slab to the overlying plate. This type

of tectonic underplating is observed at other subduction zones, al-

though at shallower depths (e.g. Calvert et al. 2006). In either case,

at some locations the interface is coincident with the top of the

oceanic crust, but in other locations it may not be. We would expect

that the plate interface at this depth is aseismic. The slab earth-

quakes appear to be occurring predominantly in the oceanic mantle

part of the slab. Focal mechanisms of the larger slab earthquakes in

the global CMT catalogues, as well as from slab events determined

by Anderson et al. (2007), indicate mostly normal faulting with the

T-axis oriented approximately north–south. These observations sug-

gest the current slab seismicity reflects the present-day stress field

within the slab, and that the oceanic crust offsets are not currently

active.

The flat slab is visible for ∼200 km in the CCP stacks, before it

fades at the region where the highest seismicity also ceases, around

x-offset 320 km (Fig. 4) and Y-Line 20 (Fig. 5). When the oceanic

crust begins to transform to eclogite, the velocity (and density)

contrast between the oceanic crust and over- and underlying man-

tle diminishes, and thus the strong negative-to-positive conversions

disappear. This transformation begins to occur just before the slab

sinks back down at a normal dipping angle [outlined using the

sparser, deeper seismicity, Anderson et al. (2007)], due to the in-

creased density of eclogite (e.g. Abbott et al. 1994; Hacker et al.

2003a,b). Fig. 7(a) shows the depth to the top of the oceanic crust

of the subducting slab, based on picks from the CCP stacks of the

negative arrival, representing the top of the oceanic crust. When the

slab signal disappears, we are unable to pick the negative arrival,

and so we can infer the edge of the eclogite transformation region

by the limit of the slab depth picks.

The offset in the top of the oceanic crust is well defined in

Fig. 7(a). West of the offset, oceanic crust depths shallow from

96 to 83 km. East of the offset, the depth to the top of the oceanic

crust drops to 109 km in the south, rising to 95 km at the northern-

most offset. North of the direct path of the JFR, depths to the top

of the oceanic crust level out, and range from 89 to 101 km. Where

possible, minimum oceanic crustal thicknesses were then measured

directly from the CCP stacks, and results are shown in Fig. 7(b).
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Seismic imaging of the Pampean flat slab 53

Figure 7. (A) Depth to top of the oceanic crust, based on picks from CCP stack results. Each circle represents a CCP trace at a node point. (B) Minimum

oceanic crustal thicknesses beneath the Chilenia and Cuyania terranes, based on the CCP stacks. Offset in slab is shown by thick black dashed line. Previous

slab contours from Anderson et al. (2007) are shown for comparison.

Because a higher average velocity of 8.0 km s−1 was used to migrate

the CCP stacks in the mantle, the thicknesses measured from the

traces will be smaller than they should be, as oceanic crustal ve-

locities are slower than the surrounding mantle. Minimum oceanic

crustal thicknesses range from 8 to 16 km, with ∼70 per cent greater

than 11 km, and ∼40 per cent greater than 13 km. Based on synthet-

ics and the traveltime equations of Zandt et al. (1995) to determine

layer thickness, the underestimation of the crustal thicknesses is

∼20 per cent, assuming a Vp of 7.2 km s−1 in the subducted oceanic

crust. Therefore, a CCP stack measured thickness of 11 km is ac-

tually 13 km thick, and 16 km becomes 19 km using the correct

oceanic crust velocity. This means that more than 70 per cent of

our measurements of oceanic crustal thickness are 13 km or greater.

There does not appear to be a concentration of overthickened crust

solely along the direct path of the JFR, implying that there is more

likely a broad region of overthickened crust, not just along the vol-

canic chain, and that the flat slab itself may be broader than proposed

by Anderson et al. (2007). Slab seismicity during the SIEMBRA

and ESP experiments also supports this notion of a wider flat slab

region, more closely following contours of Cahill & Isacks (1992).

Unfortunately, there is not enough station coverage further north

or south of our deployments to determine where the overthickened

region ends.

Upper plate crustal structure

In addition to imaging the flat slab signal, we also see a distinct,

but patchy, continental crustal Moho signal throughout the cross-

sections. The depth to Moho is greatest in the west (upwards of

∼70 km beneath the Main Cordillera), and decreases to the east,

reaching ∼35 km under the ESP stations. The observable Moho

signal is complex, reflecting the complicated geology of the region.

In Fig. 6, the Moho signal is strongest underneath the ESP stations,

where it averages ∼40 km. Here, the crustal structure is simple, with

a relatively flat-lying Moho. To the west, the strength of the Moho

signal varies and occasionally disappears. We have also highlighted

the first multiple of the Moho beneath the ESP stations, to demon-

strate that the multiples from the Moho are not interfering with our

interpreted flat slab signal (Fig. 6). For a ∼40 km deep Moho, the

first multiple is located between 140 and 160 km depth (see also

moveout plots in Fig. S3). In the west, the Moho is greater than

50 km, and thus the multiples are deeper than ∼160 km (Fig. 6),

well below where we interpret the flat slab.

Beneath the basement-cored uplift of Sierra de Pie de Palo, there

is a mid-crustal positive polarity arrival at ∼30 km depth, that ex-

tends ∼40 km to the west (Fig. 4), and the Moho appears at ∼50 km

depth. There appears to be an increase in crustal seismicity in this re-

gion, as well (e.g. Gutscher 2002; Alvarado et al. 2005, 2009). This

mid-crustal feature could be a decollement beneath the Sierra de Pie

de Palo, as proposed by Cominguez & Ramos (1991), Ramos et al.

(2002) and Regnier et al. (1992), and as imaged as a mid-crustal ar-

rival in the CHARGE data at station JUAN by Calkins et al. (2006)

and a station to the southwest of the Sierra de Pie de Palo by Perarnau

et al. (2010). Regnier et al. (1992) proposed a decollement at

22–25 km, based on intraplate focal mechanisms, whereas Calkins

et al. (2006) found a positive polarity arrival at 32 km and Perarnau

et al. (2010) at 28 km. With our increased coverage, we were able

to image this mid-crustal layer across several lines (X-Lines 11–13,

Fig. 4; Y-Lines 18–21, Fig. 5), located at ∼30 km depth. We also

imaged a strong positive arrival at ∼18 km depth beneath the Sierra

de Pie de Palo; Calkins et al. (2006) similarly imaged a positive

arrival at 20 km depth, based on higher-frequency local event RFs,

and Perarnau et al. (2010) at 13 km based on teleseismic data from

a nearby permanent station to the southwest of the range. Around

75 km south of Sierra de Pie de Palo, Cominguez & Ramos (1991)

imaged two strong reflectors at ∼18 and ∼32 km using seismic re-

flection data. Zapata (1998) interpreted an Andean decollement at

∼13–20 km depth, dipping to the northeast, between the Eastern

Precordillera and the Sierra de Valle Fértil (Fig. 1). It could be this

decollement that is imaged at ∼18 km depth in the RFs below the

Sierra de Pie de Palo and to the west (X-Lines 11–12, Fig. 4; Y-Lines

18–21, Fig. 5). However, more investigation is needed to explore
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54 C. R. Gans et al.

Figure 8. Depth to continental Moho map, based on picks from CCP Stack results, using only crustal velocities in the velocity model. Each circle represents a

CCP trace at a node point. Greatest depths to Moho are found in the Principal and Frontal Cordilleras, and shallow to the east. Maximum and minimum depths

to Moho are 73 and 32 km, respectively. Dark grey dashed lines are terrane boundaries. See text for details.

impedance changes related to mid-crustal discontinuities to see if

they would produce a significant converted phase.

A depth to continental Moho map, based on RF Moho picks

from the CCP stacks, is shown in Fig. 8. This new, higher resolu-

tion map improves upon the previous map of Alvarado et al. (2007)

and sources therein. Moho depths match well those from Alvarado

et al. (2007) in the eastern regions, below the ESP stations, but we

find greater depths to Moho beneath the Cordilleras to the west,

more than 70 km in places. Heit et al. (2008) found Moho depths

of this magnitude (∼70 km) below the Precordillera, using S-wave

RFs. Gilbert et al. (2006) had trouble imaging the Moho beneath

the Precordillera, and attributed the lack of Moho signal to partial

eclogitization of the lower crust. Their bin spacing was 50 km (ver-

sus our 15 km), however, and they had ∼10 per cent of the number of

traces we used in our mesh. Because the Moho is structurally com-

plicated in this region, it is possible that the lateral heterogeneities

of the Moho would lead to incoherent stacking of Moho signal,

which would cause the Moho to appear diminished in the stacks

from Gilbert et al. (2006). As seen in Fig. 4, for example, the Moho

is laterally variable in depth and signal strength. In X-Line 11, the

Moho in the west jumps from 70 to 50 km over a short distance

(30 to 40 km). Using Gilbert et al.’s (2006) bin spacing, the traces

that are stacked within a bin would combine the 70 km arrival with

the 50 km arrival, resulting in a weaker total stacked signal. It is

still possible that the lower crust is partially eclogitized, however, as

proposed by Gilbert et al. (2006). While absolute Moho depths can

vary slightly based on the velocity model used in calculating the

CCP stacks, the general lateral relationships will remain, assuming

there are no lateral changes in velocity. In other words, regions that

have a Moho deeper than the 50 km prescribed in the velocity model

will have an artificially deep Moho in the stacks, as the Moho time

will be migrated using an inappropriately fast mantle velocity, but

the difference would be less than ∼5 km. To address this issue and

determine more accurately the depth to Moho for Fig. 8, the CCP

stacks were recalculated using just a crustal velocity of 6.2 km s−1,

as only the depth to Moho was picked. In the west, contour lines run

mostly N–S, while to the east, the contour lines align more NW–SE

and loosely align along terrane boundaries (Fig. 8).

D I S C U S S I O N

The thickness of the oceanic crust of a subducting slab contributes

to the overall buoyancy of the slab. A thicker layer of basaltic crust

of the subducting slab, which is less dense than mantle peridotite

(basalt is ∼400 kg m−3 less dense than the mantle) would increase

the buoyancy of the slab. When the basalt layer converts to eclogite

(which is ∼200 kg m−3 more dense than the mantle; Abbott et al.

1994), any additional buoyancy would be lost.

The buoyancy from a depleted region of the mantle that possesses

less garnet (suboceanic lithospheric mantle) will act against the

negative buoyancy of dense eclogite and so a very young (<5 Ma),

hot, and thus buoyant, slab will tend to subduct horizontally (Abbott

et al. 1994). For older oceanic crust (such as the 43 Ma Nazca

Plate in our region), though, a sufficient amount of buoyant basaltic

oceanic crust must be present for the slab to subduct horizontally.

Van Hunen et al. (2002) modelled subduction of an 18-km-thick

oceanic plateau, and found that the presence of a thickened basaltic

plateau provides enough buoyancy to support the slab. These authors

C© 2011 The Authors, GJI, 186, 45–58
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Seismic imaging of the Pampean flat slab 55

found that flattening of a slab only occurs if the basalt-to-eclogite

transition is inhibited by cooler temperatures. Once a slab begins to

flatten, the cooler thermal structure of the more –closely coupled

plates delays the basalt to eclogite transition by ∼8–10 Ma, allowing

the flat portion of the slab to progress further inboard (Gutscher

et al. 2000b). Gutscher et al. (2000b) used a simple isostatic model

to show that for reasonable values of crustal and mantle materials,

it is possible for a slab with an oceanic plateau of only 12 km to

maintain neutral buoyancy, even for oceanic lithosphere with an

age of 50 Ma. In order for a subducting slab to remain buoyant, the

metastability of basaltic crust in the eclogite stability field is very

important (van Hunen et al. 2002). Once this transition to eclogite

occurs, the slab becomes too dense to remain buoyant and sinks

down (or detaches) into the mantle.

To test whether the oceanic crust of the Nazca Plate along with

the additional contribution of the JFR could achieve neutral, or even

positive, buoyancy, we followed the methods of Cloos (1993) and

Gutscher et al. (2000b) to calculate the minimum oceanic crustal

thickness required. For 43 Ma oceanic lithosphere with a thickness

of 75 km, buoyancy can be obtained with an oceanic crustal thick-

ness of only 14 km, assuming a crustal density of 2900 kg m−3 and a

lithospheric mantle density of 3300 kg m−3. To determine buoyancy,

or ‘subductability’, the mean bulk subducted lithospheric density

was compared to the surrounding asthenosphere having a density of

3230 kg m−3 (Gutscher et al. 2000b), using the following formula

buoyancy =ρa −

[

(hoc ∗ ρoc) + ((hol − hoc) ∗ ρlm)

hol

]

, (1)

where ρa, ρoc and ρ lm are the densities of the asthenosphere, oceanic

crust and lithospheric mantle in 103 kg m−3, respectively, and hoc

and hol are the thicknesses of the oceanic crust and oceanic litho-

sphere in kilometres, respectively. Positive buoyancies indicate that

the subducted slab will be able to support itself, and the mini-

mum oceanic crustal thickness required to obtain this support is

found at the transition between negative to positive buoyancies.

For 40–50 Ma oceanic lithosphere with thicknesses ranging from

70 to 80 km, positive buoyancy can be obtained with a minimum

oceanic crustal thickness of 13–14 km for the given bulk densities.

The density contrasts that we use are similar to those used in other

regional studies (e.g. Introcaso et al. 1992; Alvarado et al. 2009).

The densities can vary, however, and Cloos (1993) notes that while

the exact density values are not known, the contrasts (400 kg m−3

between bulk oceanic crustal and lithospheric mantle densities) are

well determined. Based on our minimum oceanic crustal thickness

estimates, over 70 per cent of crustal thickness picks are greater

than 13 km.

To determine the thickness of the oceanic crust from our RFs

using a second method, we compare our observed RF signals to

synthetic RFs calculated using the waveform forward modelling

code ‘respknt’ (Randall 1994). With this code, the response of a

structure to an incident P-(or S-)wave can be computed, based on

the reflectivity method assuming incident plane waves (Kennett

1983). Because we are trying to model the crustal thickness of a

flat slab, the assumption of horizontal layers in the code is valid.

Multiple traces from X-Lines 11 and 15 of the CCP stacks along

the flat portion of the subducting slab were compared to synthetic

RFs created with an input velocity model (Fig. 9). The negative-to-

positive conversion that represents the oceanic crust was matched,

and thus the layer thickness required to best match the CCP trace

was determined. Oceanic crustal thicknesses calculated from the

synthetics ranged from 13–15 km. In Fig. 9, four selected traces are

shown, with thicknesses from 14 to 15 km. We fixed the continental

crustal Vp at 6.2 km s−1, and the upper mantle Vp at 8.0 km s−1,

and then varied the Vp of the oceanic crust to fit the signal from

the top and bottom of the oceanic crust. The Vp of the oceanic

crust as determined from synthetics ranges from 7.2 to 7.5 km s−1.

Based on the work of Hacker et al. (2003a), average oceanic crustal

velocities can range from 6.6 –to 7.6 km s−1. For appropriate P–T

conditions in a flat slab region (400–800◦C, 2–4 GPa; van Hunen

et al. 2002; Gutscher et al. 2000a), Hacker et al. (2003a) predict

P-wave velocities for unmetamorphosed MORB between ∼7.2 and

7.6 km s−1. Our velocities fit within this range. The thicknesses of

these same traces read directly from the CCP RF stacks are up to

3 km thinner than those found using synthetic modelling, confirming

Figure 9. Sample synthetics of CCP traces (X-Lines 11 and 15, see Fig. 2) with the observed flat slab imaged. Traces outlined in magenta boxes are shown

below. The negative-to-positive oceanic crust arrivals are matched using synthetics (respknt; Randall 1994), and the resulting best-match thicknesses and Vp

value of the subducted crust are shown in the insets. Note that the crust was not modelled, so no attempt was made to match the amplitude of the continental

Moho arrival. OC, oceanic crust.
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56 C. R. Gans et al.

that the measured oceanic crustal thicknesses from the CCP stacks

are minimum estimates. There is a trade-off between oceanic crustal

thickness and velocity, however, inherent in the non-uniqueness of

modelling solutions. While the CCP traces can be fit with a ‘normal’

oceanic crustal thickness (∼8 km), the models used to achieve these

results require an oceanic crustal velocity of ∼6.2 km s−1 and a

Vp/Vs of ∼1.5, both of which are unreasonably low values (e.g.

Hacker et al. 2003a).

One interpretation of an offset in the negative-to-positive arrival

is that the oceanic crust along the direct path of the JFR is indeed

broken or offset. There are several possible ways to have offsets in

the top of the oceanic crust. First, there could be a reactivation of

faults previously created offshore in the oceanic crust, prior to sub-

duction. Such faults have been imaged offshore using multibeam

bathymetry and are both trench parallel/perpendicular or aligned

with the path of the JFR (Ranero et al. 2005). These faults com-

monly form due to bending of the plate (e.g. Fromm et al. 2006;

Ranero et al. 2005), and could be reactivated by the bending of

the slab as it becomes horizontal. Based on the strike of the off-

sets observed in the cross-sections (thick black dashed line, Fig. 7),

the trench-subparallel faults observed offshore (F3 trench faults,

Ranero et al. 2005) align most closely to the offsets in the slab.

We do not have enough resolution in our CCP stacks, however, to

interpret these offsets as normal or reverse faults. Another possible

explanation for the offsets could be that the slab is newly broken

due to the stresses induced by the increased coupling in the flat slab

region. Gutscher (2002) points out that the largest seismic energy

release is in flat slab regions, where there is the greatest coupling.

In central Chile/Argentina, for example, the upper plate energy re-

lease associated with the Pampean flat slab region is five to ten times

larger than along the rest of the Andean margin (Gutscher 2002).

Increased coupling between the upper plate and the subducting slab

could cause the flat slab to buckle, leading to the offsets observed

in the RFs.

If tectonic underplating is occurring in this region of shallow

subduction, then slivers of the upper part of the subducting Nazca

Plate could be welded onto the base of the South American conti-

nental lithosphere (Cartoon, Fig. 6). Tectonic underplating has been

observed, although generally at shallower depths, in subductions

zones such as Alaska (Fuis et al. 2008), Cascadia (Calvert et al.

2006), Japan (Kimura et al. 2010) and New Zealand (Spasojevic &

Clayton 2008). In Indonesia, Singh et al. (2008) seismically imaged

broken oceanic crust and interpreted very strong coupling, which

lead to brittle failure of mantle rocks in the subduction zone, and

the great megathrust earthquake of 2004 in Sumatra.

Based on the RF analysis, the crustal structure is more complex

in the west (Cuyania), than to the east (Pampia). Beneath the ESP

stations, the Moho signal is strong and relatively flat lying. To

the west, there are multiple mid-crustal structures apparent in the

CCP stacks and the Moho signal is broken and variable in amplitude

(Fig. 4). This complex Moho signal is above the region of the broken

subducting slab (X-Line 11, Fig. 4). If there is increased coupling in

this region, and tectonic underplating is occurring, then the Moho

signal would be disjointed, as is observed. A detailed discussion of

these features, however, is the focus of a future paper.

C O N C LU S I O N S

In this study, we used P-wave RFs to image the subsurface of the

Pampean flat slab region beneath western Argentina. An improved

depth to continental Moho map for the region has been obtained

using our RF results. We find the greatest depths to Moho under the

Main Cordillera (>70 km), which shallow to less than 40 km under

the ESP. Moho contours tend to roughly follow terrane boundaries,

running mostly N–S in the Cordilleras, and more NW–SE to the

east, in the SP. This alignment indicates that the ancient terranes

continue to exert control over present-day continental deformation.

Further, there are several mid-crustal arrivals, two of which are

prominent under the Sierra de Pie de Palo, at ∼18–32 km depth,

and likely reflect the imbricated shallow structure and a decolle-

ment, respectively. We further achieved 3-D images of the subduct-

ing slab, and observed offsets in the flat slab portion directly along

the path of the JFR. These offsets could possibly be due to: (1) reac-

tivation of older faults in the oceanic crust, created when crust was

first subducted, or (2) newer faults formed due to stresses induced

by increased coupling in flat slab region, possibly due to tectonic

underplating. Based on the results of the synthetic modelling com-

bined with our RF analysis, we suggest that the Pampean flat slab

is moderately overthickened, with the majority of oceanic crustal

thicknesses ranging from 13 to 19 km. The oceanic crust is moder-

ately overthickened over a broader region than aligned directly along

the path of the JRF volcanic chain, implying that the overthickened

oceanic crust influences a much broader region. This conclusion is

supported by slab earthquake locations, which outline a flat surface

over a greater area than the offshore volcanic line. These results

support the idea of an overthickened oceanic crust as a contributing

mechanism for flat slab subduction. In the Pampean flat slab region,

with the overthickened subducted oceanic crust (13–19 km thick),

combined with the westward overriding plate motion and possible

upper mantle hydration as additional contributing factors, flat slab

subduction is able to occur.
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