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[1] New analyses of teleseismic body waves from moderate
earthquakes in western Argentina demonstrate that active
shortening of the Andean foreland occurs on reverse faults
extending to 40–50 km depth. Existing crustal‐scale
models of foreland deformation invoke thin‐skinned fault
geometries, which root into an east‐dipping mid‐crustal
décollement. Whereas thin‐skinned thrust sheets dominate
shallow‐crustal structure, seismological and geological data
illustrate that planar reverse faults and pure‐shear deformation
involving more than 75% of the crust characterizes this
thick‐skinned structural province. Citation: Meigs, A. J.,
and J. Nabelek (2010), Crustal‐scale pure shear foreland deforma-
tion of western Argentina, Geophys. Res. Lett., 37, L11304,
doi:10.1029/2010GL043220.

1. Introduction

[2] Deformation in foreland fold‐and‐thrust belts com-
monly shifts from shallow, thin‐skinned faults to deep,
thick‐skinned structures in time and space [Wiltschko and
Dorr, 1983]. The observation that thin‐skin (shallow)
thrust faults root into a dipping basal décollement implies
that simple shear characterizes the strain at the whole‐
orogen scale. A simple shear strain‐state is also commonly
inferred for Laramide‐style structural provinces; thick‐
skinned reverse‐faulted regions found along the foreland
periphery of thrust belts [Erslev, 1993; Oldow et al., 1989].
Few direct data, however, constrain fault geometries at the
crustal‐scale. Earthquakes in active Laramide‐style pro-
vinces provide constraint on the style of deep deformation.
[3] In this paper, we present a new model for active thick‐

skinned deformation of the Sierras Pampeanas structural
province in western Argentina, the type‐example of active
Laramide‐style deformation [Jordan and Allmendinger,
1986]. The model reconciles a new analysis of teleseismic
body waves from the Ms = 7.4, 11 June, 1944 San Juan
earthquake [Castellanos, 1945], recent earthquakes, and
regional geologic relationships. Source parameters of the
1944 San Juan and other earthquakes indicate that planar
active faults extend to 40–50 km, which favors a whole‐
crust pure shear model for Laramide‐style orogenesis.

2. Seismicity and Active Tectonics of Northwest
Argentina

[4] The Sierras Pampeanas lie above the flat slab segment
of the Nazca Plate [Cahill and Isacks, 1992]. Structure to
the west comprises the east‐vergent thin‐skinned central
Precordillera (Figure 1) [Ramos et al., 2002]. A structural
province of mixed thin‐ and thick‐skinned faults, the eastern
Precordillera, separates the two provinces [Fielding and
Jordan, 1988; Zapata and Allmendinger, 1996]. Existing
models offer a variety of interpretations of the crustal‐scale
architecture of the active faults. In most models mapped
surface faults decrease dip with depth [e.g., Jordan and
Allmendinger, 1986; Zapata and Allmendinger, 1996], which
root into a speculative low‐angle décollement at 15 to 30 km
depths in another group of models [Alvarado and Beck, 2006;
Ramos et al., 2002; Siame et al., 2002].
[5] Seismicity, dominated by reverse faulting mechan-

isms, occurs to depths greater than 40 km under the eastern
Precordillera and Sierras Pampeanas (Figure 1) [Alvarado et
al., 2005; Smalley et al., 1993]. Surface deformation asso-
ciated with moderate earthquakes in 1977 and 1944 con-
sisted of fold growth and limited slip on secondary faults
[Kadinsky‐Cade et al., 1985; Meigs et al., 2006]. Whereas
the 1977 Caucete earthquake sequence is consistent with
regional seismicity [Kadinsky‐Cade et al., 1985], the shal-
low 11 km depth of the 1944 event [Alvarado and Beck,
2006] seems atypical.

3. Source Parameters of the 1944 San Juan
Earthquake

[6] We modeled long‐period teleseismic body waveforms
to independently determine the depth, moment, and focal
mechanism of the 1944 event (Table S1 in Text S1 in the
auxiliary material) [Nabelek, 1984].3

[7] Four stations at epicentral distances between 30° and
90° (required for the modeling) provided excellent tele-
seismic P and SH records (Table S2 in Text S1 and Figure 2).
Theoretical seismograms were computed by assuming a
point source using Shearer et al.’s [2002] velocity model
(Table S3 in Text S1) and attenuation parameter t* = 0.70 s
for Pwaves and t* = 4.5 s for SHwaves. Synthetic waveforms
were fit in a least‐squares sense to the observed displacement
waveforms to determine the best‐fitting double‐couple
source (Figure 2). Converting seismograms to displacement
is crucial for obtaining stable results.
[8] We performed a number of inversions to investigate

the stability of the results. A 30‐s‐long source time function
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parameterization enabled unbiased source depth estimates in
the presence of a potentially complex source time history.
The 4 SH waves, which, except for CHR, are close to nodal,
provide strong constraint on the source mechanism and
depth (particularly PAS (Figure 2a)). The centroid mecha-
nism indicates a Mw 6.9 dip‐slip event with a small strike‐
slip component; one nodal plane (P1) strikes to 364° 84 and
dips 47° E and the other nodal plane (P2) strikes to 208° and
dips 52° W (Table S1 in Text S1). The source time function
reveals a ∼6 s‐long simple impulsive event. A well‐resolved
centroid depth of 25 km is consistent with both the P and SH
waveforms (Figures 2a and 3). A 25 km depth compares
well with other moderate earthquakes and microseismicity
regionally (Figure 1) [Alvarado et al., 2007; Smalley et al.,
1993].
[9] Alvarado and Beck [2006] argue that the 1944 event

had an 11 km depth and northeast‐ and northwest‐striking
nodal planes on the basis of P wave velocity seismograms.
In order to compare approaches, we inverted the original
P velocity seismograms as well. Depths between 5 and
12.5 km are essentially indistinguishable from a 25 km
depth based on inversion of the velocity records (Figure 3).
To match the waveforms, the solutions in the 5 to 12.5 km
depth range require a complicated source time function.
P‐only inversions exhibit 90° rotation in fault strike as the
centroid depth decreases from 25 to 5 km (Figure 3). These
ambiguities arise because of the difficulties associated with
distinguishing depth phases (pP, sP) from potential source
time function complexity in velocity‐based inversions. Use
of displacement seismograms and the SH waves greatly
stabilizes the inferred depth and the focal mechanism. The

SH wave at PAS shows the best visual evidence that the
event is not shallow (Figure 2).

4. Implications of Argentine Seismotectonics for
Laramide‐Style Deformation

[10] Candidate source faults of the 1944 earthquake
include the east‐dipping La Laja fault, because it slipped in
the 1944 event [Groeber, 1944; Harrington, 1944], the east‐
dipping range‐front thrust fault system bounding the west-
ern flank of the Eastern Precordillera [Siame et al., 2002],
and a northwest‐dipping fault identified from microseis-
micity (Figures 1 and 4a) [Smalley et al., 1993]. Neither the
La Laja fault nor the range front fault, crustal faults that root
into a shallow décollement (Figure 4a), likely represent the
direct up‐dip continuation of the seismogenic fault. The La
Laja fault is a secondary flexural‐slip fault [Costa et al.,
1999; Meigs et al., 2006] and its strike differs by ∼45°
from the earthquake nodal plane strikes. Except for local
flexural slip faulting with minor vertical offset, the range
front thrust system does not cut surficial deposits [Meigs et
al., 2006; Schiffman, 2007]. Clearly, thin‐skinned thrusts at
the surface do not connect in a simple way to the earthquake
source region.
[11] A blind reverse fault model for the 1944 event

reconciles surface geology and seismologic observations.
The impulsive 6 s source time function implies that the
initial coseismic rupture did not reach the surface. If sub-
sequent non‐seismic process at shallow depths distributed
the coseismic slip, a simple calculation using the seismic
moment and fault dimensions shows that the expected slip

Figure 1. Map of the Andean foreland in northwest Argentina in the region of San Juan (SJ). Cross‐hatched polygons
demark domains of active folding and fold‐related faulting, including the La Laja fault (LL). The centroidal focal mechanisms
are from the Harvard CMT catalogue, Kadinsky‐Cade [1985], Alvarado et al. [2005] and this study (asterisks). Locations of
Caucete foreshock (1977F) and main shock (1977M) are indicated by stars. 1944 earthquake locations (white boxes):
GUTE, Gutenberg; ISC, International Seismological Centre; CGS, Coastal and Geodetic Survey; LP, La Plata Bulletin;
K‐C, Kadinsky‐Cade [1985]; INPRES, Instituto Nacional de Prevención Sísmica; PAS, Pasadena Bulletin; JSA, Jesuit
Seismological Association Bulletin (Table S2 in Text S1). Solid white line marks cross‐section in Figures 4a and 4b.
Base map made from a USGS DEM. White dotted line denotes provincial borders.
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observed at the surface would be less than 20 cm. Active
folding dominates the surface deformation and is expressed
as southeast‐facing monoclines on the eastern flank of the
eastern Precordillera [Meigs et al., 2006; Vergés et al.,
2007]. Secondary faults like the La Laja fault, which indi-

cate active folding, occur within the limbs of the mono-
clines. If the location and geometry of active folds at the
surface identifies the location of blind faults at depth, field
data and microseismicity favor a simple blind, planar, and
west‐dipping fault that extends up‐ and down‐dip from the
25 km centroid depth (Figure 4b) [Meigs et al., 2006;
Smalley et al., 1993]. A west dip implies the epicenter lies to
the west of San Juan (Figures 1 and Table S2 in Text S1)
[Gutenberg and Richter, 1954]. If the epicenter is located
near or to the east of San Juan (Figure 1) [Alvarado and Beck,
2006], the source fault dips east and extends below the
western edge of the Sierras Pampeanas province (Figure 4b).
[12] Source parameters suggest that the Caucete earth-

quake sequence in 1977 and the 1944 event were similar
(Figure 1). Pure thrust events characterize the 1977 fore-
shock and main shock, which originated beneath Pie de Palo
[Chinn and Isacks, 1983; Kadinsky‐Cade, 1985; Triep,
1984]. Nodal planes for the foreshock (Ms = 6.8, ∼17 km
depth) and the main shock (Ms = 7.3, ∼25 km depth) dip at
35°–50° (Figure 1), although it is unclear whether the
earthquake fault dips east or west [Kadinsky‐Cade et al.,
1985; Langer and Hartzell, 1996]. Elastic dislocation
modeling of the 1.2 meters of coseismic uplift indicates
rupture from 17 to 30 km depth in the main shock
[Kadinsky‐Cade et al., 1985]. Both the 1977 and the 1944
earthquakes occurred on planar blind thrust faults extending
depths < 10 km to > 40 km at dips between 35° and 45°
(Figure 4b).
[13] Owing to their presence along the periphery of fold‐

and‐thrust belts [Rodgers, 1987], structural interpretations
of Laramide‐style basement faults often invoke a mid‐
crustal low‐angle décollement at depth [Erslev, 1993]. An
earthquake centroid represents a slip‐weighted average from
which coseismic slip extends up‐ and down‐dip by roughly
equal amounts. Fault plane rupture in the 25 km‐deep M 6.9
1944 earthquake, for example, would occur ∼10 km up‐ and

Figure 2. Modeled (a) P and (b) SH waves of the 1944
earthquake. Solid lines are the observed seismograms; the
dashed lines are the best‐fitting theoretical seismograms.
Also shown are the P and SH radiation patterns and the esti-
mated source time function. Stations include: Christchurch
(CHR), Pasadena (PAS), San Juan, Puerto Rico (SJP), and
Weston (WES). (c) SH displacement waveform recoded at
PAS (black line). Black tick mark indicates the onset of
the direct SH phase, which is nodal at this station. The
later‐arriving larger pulse is the reflected shSH phase. Blue
line shows the fit for a source centroid at 25 km depth and
red line for a source centroid at 11 km depth. The predicted
arrival for the centroid at 11 km arrives about 5 s earlier than
observed.

Figure 3. Misfit variance and source mechanism for three
alternative inversions: inversion of P and SH low‐frequency
displacement seismograms (curve A); inversion of P wave
low‐frequency displacement seismograms (curve B); inver-
sion original unfiltered velocity seismograms (curve C).
Including both P and SH displacement waveforms stabilizes
the mechanism and improves the depth resolution. See text
for discussion.
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down‐dip from the centroid depth [Wells and Coppersmith,
1994]. The centroid depths of moderate‐magnitude earth-
quakes in our study region range from 6 to 49 km and are
typified by nodal planes with 30° to 50° dips (Figure 1),
which implies active faulting extends across the crust at
moderate dips rather than localized on a shallowly‐dipping
décollement in the mid‐crust (Figure 4b).
[14] A crustal‐scale model where planar faults extend into

the lower crust at moderate dip angles indicates that active
Laramide‐style deformation in western Argentina occurs via
pure‐shear crustal shortening (Figure 4c). Geophysical data
reveal similar basement‐involved fault geometries in Papua
NewGuinea, Iran, and thewesternU.S. [Abers andMcCaffrey,
1988; Berberian, 1995; Jackson, 1980; Smithson et al., 1978].
Neither listric geometries nor a regional décollement are
consistent with moderately east and west dipping nodal
planes on events as deep as 50 km (Figure 1). Given that the
crust is ∼55 km thick in the region of the 1944 and 1977

earthquakes [Alvarado et al., 2007], more than 75% of the
crust is deforming by seismic faulting on east‐ and west‐
dipping faults. A ∼50 km‐thick seismogenic crust implies a
mafic composition, which is consistent with seismic velocity
data [Alvarado et al., 2005]. It should be stressed that crustal
pure shear can occur in synchrony and independently of fold‐
and‐thrust belt simple shear of the upper crustal (Figure 4c).
Laramide‐style shortening in the foreland occurs in response
to overthickening of the crust in the thin‐skinned thrust belt
to the west [Molnar and Lyon‐Caen, 1988], eliminating any
need for structural linkage between Laramide and thin‐
skinned structures at depth beneath the orogen.

[15] Acknowledgments. We acknowledge support from NSF‐EAR
grants 0409443 and 0838538. We thank A. Bent, D. Smith, S. Hayek,
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