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INTRODUCTION

Geological and geophysical data convinc-
ingly establish that oblique subduction along 
many plate margins is partly or fully partitioned 
into a trench-parallel component that induces 
the coastwise transport of forearc slivers and 
a trench-normal component that is accommo-
dated by less oblique subduction. Fitch (1972) 
was the fi rst to describe the tendency for shal-
low, subduction-thrust earthquakes along many 
subduction zones to have slip directions inter-
mediate between the direction orthogonal to the 
trench and the convergence direction estimated 
from plate motion models. He attributed this 
to trench-parallel movement of forearcs with 

respect to interior areas of the overlying plate. 
Numerous subsequent authors have considered 
the ways in which forearcs respond to changes 
in the obliquity of subduction or degree of par-
titioning along a trench (e.g., Jarrard, 1986; 
Kimura, 1986; Avé Lallemant and Guth, 1990; 
Beck, 1991; McCaffrey, 1992). For example, 
changes in obliquity along a trench due to either 
convex and concave bends in the trench or grad-
ual along-strike changes in plate convergence 
velocities may induce trench-parallel extension 
or shortening of the forearc (Fig. 1). Manifesta-
tions of these along-strike changes in partition-
ing can include large-scale, vertical-axis block 
rotations (Beck, 1991), sliver fragmentation 
and rotation of the resulting blocks (Geist et al., 
1988), exhumation of high-pressure rocks (Avé 
Lallemant and Guth, 1990), and along-strike 
variations in the amount of extension and con-
traction (McCaffrey, 1996).

A major concave bend in the Middle 
America Trench occurs off the Pacifi c coast of 
Nicaragua (Fig. 1), where the Cocos plate sub-

ducts northeastward beneath the western edge 
of the Caribbean plate at rates of 75–85 mm 
yr–1. Offshore from southeastern Nicaragua, 
where Cocos plate convergence is ~20°–25° 
counterclockwise from the direction normal 
to the trench (Fig. 1), an ~10° defl ection of 
the average direction of shallow thrust earth-
quakes toward trench-normal (DeMets, 2001, 
2002; LaFemina et al., 2009) is consistent with 
partial partitioning of the oblique convergence 
and 14 ± 2 mm yr–1 of northwestward forearc 
translation (DeMets, 2001). Moderate magni-
tude (M ≤ 6.5) sinistral strike-slip earthquakes 
on arc-transverse faults along the Nicaraguan 
volcanic arc (LaFemina et al., 2002; Funk et 
al., 2009) were interpreted by LaFemina et al. 
(2009) as evidence for bookshelf faulting along 
the volcanic arc in response to NW-directed 
movement of the forearc (Fig. 1), offering 
independent evidence for this partitioning. 
Global Positioning System (GPS) measure-
ments at stations in the Nicaraguan forearc 
confi rm that the forearc moves to the NW at 
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forearc to the northwest, possibly driven by northwestward lateral escape of the Central America forearc from its collision zone with the 
Cocos Ridge offshore from Costa Rica. The Gulf of Fonseca and adjacent eastern El Salvador form an ~60-km-wide extensional zone with 
E-W elongation, determined by diffuse seismicity, GPS velocities, and numerous young, N-S–striking normal faults mapped with a 10 m 
digital elevation model (DEM), structural measurements, and Lidar (light detection and ranging). Strike-slip earthquakes in the Fonseca 
pull-apart structure and evidence for modest (~10°) vertical-axis fault block rotations from paleomagnetic measurements at 33 sites in the 
Fonseca pull-apart structure both indicate that extension may be accompanied by bookshelf faulting.
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rates of 10–15 mm yr–1 relative to the Carib-
bean plate (Turner et al., 2007).

In contrast to Nicaragua, the Cocos-Carib-
bean subduction direction off the coasts of El 
Salvador and northwestern Nicaragua is nearly 
orthogonal to the trench (Fig. 1; DeMets, 2002). 
Little or no movement of the Salvadoran forearc 
is thus expected if partitioning of oblique con-

vergence is the only process capable of moving 
the forearc parallel to the trench. Contrary to this 
expectation, a series of active strike-slip faults, 
named the El Salvador fault zone by Martínez-
Díaz et al. (2004), follows the Salvadoran vol-
canic arc and exhibits right-lateral offsets of 
Holocene-age features at an average slip rate of 
11 mm yr–1 (Corti et al., 2005). Consistent with 

these offsets, GPS stations on the Salvadoran 
forearc move faster than 10 mm yr–1 westward 
relative to sites inland from the volcanic arc 
(Fig. 2; Correa-Mora et al., 2009), and moder-
ate-magnitude, dextral strike-slip earthquakes 
accommodate WNW-directed slip along the El 
Salvador fault zone (Fig. 1; White, 1991; White 
and Harlow, 1993). Compelling evidence thus 
exists for westward motion of the Salvadoran 
forearc despite the absence of oblique subduc-
tion offshore.

These observations raise several questions 
about the forearc kinematics between Costa 
Rica and Guatemala. Do the Salvadoran and 
Nicaraguan forearcs move with respect to each 
other, as might be expected given the ~20° dif-
ference in the obliquity of Cocos plate conver-
gence beneath them (Fig. 1)? Why does the Sal-
vadoran forearc translate along the trench given 
that subduction is orthogonal and coupling 
across the subduction interface is weak or zero 
(Correa-Mora et al., 2009)?

Related to these questions, how is motion 
in central Nicaragua, where faults in the Nica-
raguan depression accommodate motion of the 
forearc sliver (Cowan et al., 2002; LaFemina et 
al., 2002), transferred to the El Salvador fault 
zone through the poorly understood Gulf of 
Fonseca (Fig. 1)? The gulf is a shallow, seis-
mically active embayment located at the junc-
tion of the Nicaraguan and Salvadoran forearcs 
(Funk et al., 2009). Across the gulf, the volca-
nic arc shifts ~40 km inland and bends ~20° 
counterclockwise, mirroring the concave bend 
in the trench farther south. Plausible hypothe-
ses for deformation across the Gulf of Fonseca 
include at least the following: (1) deformation 
is focused along a narrow fault zone (Fig. 3A); 
(2) deformation is distributed across an exten-
sional step-over of the volcanic arc faults (Fig. 
3B); and (3) trenchward escape of the NW-
translating Nicaraguan forearc sliver gives rise 
to a zone of extension at the northwest termina-
tion of the Nicaraguan forearc (Fig. 3C). Reso-
lution of these options is critical for a better 
understanding of the nature of the kinematic 
link between the two forearcs.

Herein, we treat these questions by combin-
ing new regional- to outcrop-scale structural 
observations from eastern El Salvador with 
recently published GPS station velocities from 
El Salvador (Correa-Mora et al., 2009), Hon-
duras (Rodriguez et al., 2009), and Nicaragua 
(Turner et al., 2007). To establish the neces-
sary kinematic framework for interpreting the 
structural observations, we fi rst use the GPS 
station velocities to determine best-fi tting rates 
of trench-parallel translation for the Nicaraguan 
and Salvadoran forearcs and test for motion 
between them. We then describe and interpret 
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Figure 1. (Upper panel) Tectonic and topographic map of study area showing major plate boundar-

ies (red lines), focal mechanisms of shallow-depth earthquakes within the Caribbean plate, and 

locations of Global Positioning System (GPS) stations used in this study (red circles). Inset in lower 

left corner indicates location of study area (black square) and names of tectonic plates. Topography 

is from 30 m Space Shuttle Topographic Radar Mission (SRTM) data. Red arrows and ellipses show 

Cocos plate velocities relative to Caribbean plate and 1σ uncertainties (DeMets, 2001). Red dashed 

lines indicate directions perpendicular to the trench. Black triangles represent active volcanoes. 

Focal mechanisms are from the Global Centroid Moment Tensor (CMT) catalog and sources given 

by DeMets (2001). GF—Gulf of Fonseca; ND—Nicaraguan Depression; LM—Lake Managua; LN—

Lake Nicaragua. (Lower panel) Idealized forearc deformation along a concave-shaped subduction 

zone, as follows: (A) Convergence obliquity and partitioning of oblique convergence decrease from 

southeast to northwest and induce local, margin-parallel shortening (red arrows) with variable 

strike-slip component in the forearc. (B) Weak or zero coupling across a subduction interface gives 

rise to no slip partitioning and hence no upper-plate deformation. (C) Undeformed forearc trans-

lates along the trench if coupling is weak and forearc motion is driven by push or pull beneath or at 

the trailing or leading edge of the forearc. (D) Same as C, but with localized extension (red arrows) 

at an offset of the overlying forearc fault. Black arrows indicate relative plate motion.
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our new structural observations, which consist 
of paleomagnetic, structural, topographic, and 
Lidar (light detection and ranging) data, and 
40Ar/39Ar age dates from eastern El Salvador near 
the Gulf of Fonseca. The body of structural and 
geodetic evidence leads to a surprisingly simple 
model for the recent tectonics and kinematics of 
the Central American forearc, with important 
implications for our understanding of the forces 
that are responsible for deformation along much 
of the Pacifi c coast of Central America.

GPS SITE VELOCITIES AND 

UNCERTAINTIES

The GPS velocities used for our analysis 
were derived from campaign and continuous 
measurements made since 1999 at 35 stations 
in El Salvador, southern Honduras, and Nica-
ragua, (Fig. 2). Further information about the 
GPS data and methods for processing them may 
be found in the GSA Data Repository.1 Readers 
are also referred to Rodriguez et al. (2009) and 

Turner et al. (2007) for more information about 
the Honduran and Nicaraguan station velocities, 
respectively. Descriptions of any corrections we 
made to the GPS coordinate time series for the 
coseismic and postseismic effects of regional 
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Figure 2. (A) Oblique Mercator projection of Global Positioning System (GPS) station velocities in the study area rela-

tive to a stationary Caribbean plate. Ellipses show two-dimensional (2-D) 1σ velocity uncertainties. Red triangles show 

volcano locations. Abbreviations: CR—Costa Rica; Guat.—Guatemala. (B) Variation of GPS station rates in El Salvador 

(left) and Nicaragua (right) with distance from nearby volcanic arc faults. The distance from a given GPS site to the near-

est strike-slip fault is measured along a great circle that strikes N06°E in El Salvador and N41°E in Nicaragua. Shaded 

horizontal lines indicate the best-fi tting forearc slip rates estimated from the GPS velocity inversions described in the 

text. The 15 mm yr–1 and 17 mm yr–1 rates that best fi t the Salvadoran and Nicaraguan GPS site velocities, respectively, 

differ insignifi cantly from the 15 mm yr–1 rate that results from a simultaneous inversion of both sets of velocities. Gray 

circles in B indicate GPS sites that were occupied only twice and for which both the rates and uncertainties are more 

poorly known than for the other sites. All other stations included in the study were occupied three or more times.

1GSA Data Repository Item 2011053, Figures DR1–
DR3 and Table DR1, is available at www.geosociety.org/
pubs/ft2011.htm, or on request from editing@geosociety
.org, Documents Secretary, Geological Society of 
America, P.O. Box 9140, Boulder, CO 80301-9140, USA.
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earthquakes are also found in the GSA Data 
Repository (see footnote 1).

The GPS station velocities described here 
are specifi ed relative to the Caribbean plate 
interior. As described in the data repository 
supplement, the angular velocity that specifi es 
motion of the Caribbean plate is estimated from 
the velocities of 17 GPS stations at various 
locations in the plate interior, including sites in 
eastern Honduras and Nicaragua, which con-
strain the plate motion close to the areas studied 
herein. The Caribbean plate reference frame dif-
fers little from that described by DeMets et al. 
(2007) and is not a limiting factor in any of the 
results described here.

Trench-Normal Component of Station 

Motion: Evidence for Weak Subduction 

Coupling

The most striking feature of the GPS 
velocity fi elds of El Salvador, southern Hon-

duras, and Nicaragua is the uniform W- to 
NW-directed motions of sites in the Central 
America forearc and corresponding absence of 
any inland-directed, trench-normal component 
of station motion anywhere in the forearc or 
backarc (Fig. 2). The observed velocity pattern 
differs signifi cantly from the velocity patterns 
for coastal areas onshore from many other sub-
duction zones, where frictional coupling of the 
subduction interface causes elastic shortening 
of the upper plate and landward, approximately 
trench-normal GPS station motions. GPS sites 
in the forearc of southern Guatemala also move 
~10 mm yr–1 to the west relative to stations 
inland from the volcanic arc (Lyon-Caen et al., 
2006), thereby extending the observed pattern 
of westward forearc translation all the way to 
the diffuse Cocos–Caribbean–North America 
triple junction in southern Guatemala.

Modeling of the GPS velocity fi elds of Gua-
temala (Lyon-Caen et al., 2006) and Nicaragua 
(LaFemina et al., 2009) indicates that there is 
little or no frictional coupling of the subduc-
tion interface offshore from either country at 
depths below 20 km, where earthquakes nor-
mally nucleate. Similarly, an inversion of GPS 
velocities from El Salvador and Nicaragua 
(Correa-Mora et al., 2009) indicates that inter-
seismic subduction coupling offshore from El 
Salvador and the northwest half of Nicaragua 
must be weak or zero (less than 10%) from the 
trench downdip to depths of 60 km. The absence 
of measurable trench-normal elastic shortening 
at onshore sites, and weak implied coupling for 
much of the subduction interface offshore from 
Guatemala, El Salvador, and much of Nicara-
gua, suggest that there may be only limited haz-
ard from large, shallow subduction thrust earth-
quakes along this part of the Middle America 
subduction zone.

Trench-Parallel Component of Station 

Motions

El Salvador

GPS stations in the forearc of El Salvador 
move toward N70°W-N85°W (Fig. 2A) at rates 
that increase systematically from ~5 mm yr–1 
in areas inland from the volcanic arc to 
~16 mm yr–1 at sites near the Pacifi c coast (Fig. 
2B). The trench-parallel directions of the GPS 
site motions and difference of 10–15 mm yr–1 in 
the rates of sites on either side of the volcanic 
arc agree with the abundant seismologic (Fig. 
1; White, 1991; White and Harlow, 1993) and 
geologic (Corti et al., 2005) evidence for right-
lateral slip across approximately E-W–trending 
faults in the volcanic arc.

The S-shaped pattern of the GPS site rates 
projected onto an arc-normal transect (left panel 

of Fig. 2B) is similar to rate profi les across other 
locked strike-slip faults (e.g., Schmalzle et al., 
2006). Correa-Mora et al. (2009) used a three-
dimensional (3-D) fi nite-element mesh that 
approximates the geometries of the Salvadoran 
volcanic arc faults and the subduction interface 
(Fig. 4) to estimate the magnitude and distribu-
tion of frictional coupling across the volcanic arc 
faults from GPS station velocities shown in Fig-
ure 2. Their best-fi tting model indicates that the 
volcanic arc faults are fully coupled, as expected 
given the historical and recent record of damag-
ing earthquakes along these faults (White and 
Harlow, 1993; Martínez-Díaz et al., 2004).

Nicaragua

Stations in the Nicaraguan forearc move 
toward N50°W-N60°W (upper panel of Fig. 2) 
at rates of 12–22 mm yr–1 (lower right panel 
of Fig. 2), parallel to the trench offshore. With 
respect to areas inland from the volcanic arc, 
sites along the coast of Nicaragua move ~15 
mm yr–1, i.e., nearly the same as in El Salvador. 
The velocities of the Nicaraguan GPS sites are 
signifi cantly noisier than those from El Salva-
dor, most likely because the Nicaraguan stations 
have fewer station-days per occupation and 
shorter time series than for the Salvadoran sites.

TEST FOR MOTION BETWEEN THE 

SALVADORAN AND NICARAGUAN 

FOREARCS

The consistency of the fastest slip rates 
recorded at GPS stations in both the Salvadoran 
and Nicaraguan forearcs (Fig. 2) suggests that 
the two forearcs may move as part of the same 
crustal sliver. We tested this hypothesis in two 
stages. We fi rst tested whether the two forearcs 
rotate around a single pole or separate poles via 
inversions of the azimuths of the GPS station 
velocities from the two forearcs. We then tested 
for signifi cant differential rates of motion for 
the two forearcs. In a companion study, Correa-
Mora et al. (2009) estimated frictional coupling 
across the offshore Middle America subduc-
tion interface and faults in the volcanic arc 
while assuming that the two forearcs move as 
a single crustal sliver. Here, we test rigorously 
for relative motion between the forearcs using 
the same fi nite-element mesh (Fig. 4) and many 
of the same procedures, suitably modifi ed and 
described below.

One- Versus Two-Pole Models for 

Nicaraguan and Salvadoran Forearc 

Motions

We tested whether the motions of the two 
forearcs are better described by one or two poles 
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Figure 4. (A) Three-dimensional, schematic illustration of the possible geometry of the forearc-bounding fault and forces that move the Nicaraguan 

and Salvadoran forearcs. CA—Caribbean. (B) Three-dimensional fi nite-element mesh used to approximate elastic deformation in the study area. Red 

dots in the uppermost layer show vertical volcanic arc faults that defi ne the inland edges of the forearc sliver. Dense mesh centered on the study area 

is embedded in a larger regional mesh to minimize modeling artifacts. The elastic properties assigned to each layer (the shear modulus and Poisson’s 

ratio) are specifi ed within parentheses. Mesh is the same as that used by Correa-Mora et al. (2009).
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of rotation by inverting the GPS site veloc-
ity azimuths from the two forearcs to fi nd the 
pole or poles that minimize the weighted least-
squares misfi t to those azimuths. Eight stations 
in El Salvador and 13 stations in Nicaragua are 
located on the forearcs of these two countries. 
Two of the eight sites in El Salvador, JUCU 
and SAIN in eastern El Salvador, are located 
in a region of distributed deformation (see fol-
lowing section) and are thus excluded from 
this part of the analysis. If both forearcs move 
as part of a single undeforming block, then the 
velocity azimuths of the 19 remaining stations 
on the two forearcs should be well fi t by a single 
pole of rotation. An inversion of the 19 veloc-
ity azimuths gives a best-fi tting pole of 4.5°N, 
91.2°W for the motion of the forearc relative to 
the Caribbean plate, with an associated least-
squares misfi t (χ2) of 25.8. Separate inversions 
of the six Salvadoran site velocity azimuths and 
13 Nicaraguan site velocity azimuths to esti-
mate best-fi tting poles for each give a summed 
χ2 of 23.1. The improvement in fi t for the two-
pole model relative to that for the one-pole 
model, Δχ2 = 2.7, is statistically insignifi cant 
(p = 0.43) based on an F-ratio test for 2 versus 
15 degrees of freedom (F = 0.9). The simpler 
one-pole model thus fi ts the velocity azimuths 
adequately and is used herein as the basis for 
testing whether the trench-parallel rates of 
motion of the two forearcs differ signifi cantly.

Test for Differential Rates of Forearc 

Motion

Finite-Element Mesh, Model, and 

Inversion Method for GPS Velocities

The fi nite-element mesh we used to estimate 
the long term rates of motion for the Nicara-
guan and Salvadoran forearcs and distribution 
of interseismic coupling across the subduction 
interface and volcanic arc faults (lower panel of 
Fig. 4) approximates the geometry of the sub-
duction interface and volcanic arc faults of El 
Salvador and Nicaragua and is based on seismic 
and geologic data described by Correa-Mora 
et al. (2009). The mesh includes oceanic crust 
beneath the subduction interface and distinct 
upper, middle, and lower layers in the continen-
tal crust (Fig. 4). Elastic properties for each of 
these layers were estimated from the seismo-
logically derived CRUST2 model (Bassin et 
al., 2000). The mesh nodes that represent the 
volcanic arc faults and subduction interface are 
spaced closely enough to capture any variations 
in interseismic coupling across these features 
revealed by our GPS velocity fi eld. The part of 
the mesh centered on the study area is embed-
ded within a regional mesh (Fig. 4) that is large 
enough to minimize any edge effects associated 

with the mesh. Readers are referred to Correa-
Mora et al. (2009) for a description of the mesh 
boundary conditions and tests used to validate 
the deformation it predicts.

The horizontal and vertical motions of each 
GPS site on the surface of the mesh were deter-
mined with ABAQUS fi nite-element modeling 
software. The motion at each site is a vector 
sum of the 3-D motions caused by interseis-
mic coupling across the subduction interface, 
interseismic coupling across faults in the vol-
canic arc, and assumed long-term motion of the 
forearc. For the purposes of this study, the inter-
seismic coupling at the nodes that defi ne a fault 
varies from 0 (for a fault that creeps at its full 
long-term slip rate) to 1 (for a fault along which 
elastic strain accumulates at a rate equal to the 
full long-term slip rate). We computed Green’s 
functions at each GPS site for each mesh node 
that defi nes the subduction interface by invok-
ing a unit back-slip velocity at each node to fi nd 
the resulting 3-D velocity at each site. Green’s 
functions for the nodes that defi ne the volca-
nic arc faults were determined in two stages. 
We fi rst imposed a unit coseismic slip rate at 
each volcanic arc node in order to determine 
the 3-D elastic response at each GPS site. We 
then subtracted the coseismic elastic response 
at each site from an assumed long-term slip rate 
that was applied uniformly to all of the nodes. 
This approach gave the desired interseismic 
Green’s function for each node-station pair. A 
test of this procedure for a long, vertical strike-
slip fault gave an interseismic velocity fi eld the 
same as that produced by analytical solutions 
(Correa-Mora et al., 2009).

For n GPS sites and m nodes for which we 
estimated interseismic coupling across the vol-
canic arc faults and subduction interface, the 
Green’s functions constitute a 3n × m matrix, 
consisting of three orthogonal Green’s func-
tions per GPS site per node. Best estimates for 
the interseismic coupling coeffi cient at each 
node were determined by solving the linear 
system Gm = d, where m is the m-element 
vector with the coupling coeffi cients and d is 
the 3n × 1 data vector with the horizontal and 
vertical components of the GPS site velocities. 
Best estimates of m for each assumed long-
term forearc slip rate were determined using 
a bounded-variable, least-squares algorithm. 
Smoothing was applied using a rigorous proce-
dure to identify the smoothing coeffi cient that 
optimizes the tradeoff between the smoothed 
least-squares fi t to the GPS velocity fi eld and 
model simplicity (Correa-Mora et al., 2008). 
For each inversion, we used a smoothing coef-
fi cient of 0.7, which Correa-Mora et al. (2009) 
identifi ed as the optimal smoothing coeffi cient. 
Use of the same smoothing coeffi cient for all 

the inversions ensures that any change in the 
weighted least-squares misfi ts is attributable 
only to the different forearc slip rate used for 
each inversion.

Single Forearc Model

Our test for signifi cantly different rates of 
trench-parallel motion for the Salvadoran and 
Nicaraguan forearcs used the velocities of 31 
GPS sites from El Salvador, southern Hondu-
ras, and Nicaragua that are located close enough 
to the volcanic arc to record useful informa-
tion about elastic strain accumulation across 
faults in the arc. Only two station velocities 
were excluded, those for sites SAIN and JUCU 
(Fig. 5), which are located in a region of dis-
tributed extensional deformation in southeastern 
El Salvador. The site velocity uncertainties were 
taken from Correa-Mora et al. (2009).

For a model in which the Nicaraguan and Sal-
vadoran forearcs are required to rotate around a 
single pole and move at identical long-term rates, 
repeated inversions of the 31 site velocities for 
forearc slip rates from 9 to 19 mm yr–1 yielded a 
best least-squares misfi t (χ2 = 254.6) for a long-
term slip rate of 15 ± 1 mm yr–1 (1σ uncertainty). 
Correa-Mora et al. (2009) estimated a best long-
term rate of 14 ± 2 mm yr–1 but included the 
velocity for station JUCU, where distributed 
deformation likely biases the station motion rela-
tive to that expected for the forearc. The pattern 
of velocity misfi ts is nearly the same as shown 
in Figure 5b of Correa-Mora et al. (2009), with 
larger average misfi ts for stations in Nicaragua 
(2.5 mm yr–1) than El Salvador (2.1 mm yr–1).

For our revised best-fi tting 15 ± 1 mm yr–1 
forearc slip rate, the optimal interseismic cou-
pling estimates for faults in the volcanic arc and 
for the Middle America subduction interface are 
indistinguishable from those determined by Cor-
rea-Mora et al. (2009). In both solutions, the vol-
canic arc faults are strongly coupled nearly every-
where along the arc, and the subduction interface 
is weakly coupled at all potentially seismogenic 
depths (0–60 km) and nearly everywhere along 
strike. Given that none of the interseismic cou-
pling estimates derived for this analysis differs 
signifi cantly from those described in detail by 
Correa-Mora et al. (2009), we refer readers to 
that study for a detailed discussion of interseis-
mic coupling in the study area and focus hereafter 
only on the long-term forearc slip rates.

Two-Forearc Model

Using the same procedure, we separately 
inverted the 15 GPS site velocities from El Sal-
vador and 16 Nicaraguan station velocities to 
fi nd best long-term forearc slip rates for each 
forearc. The velocities at stations in El Salvador 
are best fi t assuming a long-term forearc slip 
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rate of 15 ± 2 mm yr–1, which is modestly slower 
than the 17 ± 2 mm yr–1 slip rate that best fi ts 
the Nicaraguan data. The summed least-squares 
misfi t for the two best-fi tting models, χ2 = 
243.2, is less than the misfi t for the simpler 
single forearc model (χ2 = 254.6). The improve-
ment in fi t for the two-forearc model relative 
to that for the one-forearc model, Δχ2 = 11.4, 
is statistically insignifi cant (p = 0.06) based on 
an F-ratio test for 1 versus 79 degrees of free-
dom (F = 3.66). The average misfi t of this more 
complex model to the Salvadoran station veloci-
ties remains nearly the same as for the simpler 
single forearc model, but it decreases modestly 
to 2.2 mm yr—1 for the Nicaraguan stations. The 
two-forearc kinematic model is thus rejected.

Kinematic Summary and Implications for 

the Gulf of Fonseca

GPS station velocities from our study area 
are consistent with a model in which the Nicara-
guan and Salvadoran forearcs move 15 ± 2 mm 
yr–1 (95% confi dence limit) as a single crustal 
sliver parallel to their respective volcanic arcs. 
Based on the ±1–2 mm yr–1 standard errors in 
our estimates of the individual forearc slip rates, 
our results indicate that any difference in the 
trench-parallel movements of the two forearcs 
is likely to be less than ~3 mm yr–1. The aver-
age velocity misfi t for the one-forearc model 
is 1.8 times larger than the estimated velocity 
uncertainty. The velocity uncertainties may thus 
be underestimated, or our fi nite-element model 
and/or assumption of no deformation within the 
forearc may be oversimplifi ed.

The trench-parallel motion of the Salvadoran 
forearc is surprising given that Cocos plate sub-
duction beneath El Salvador is perpendicular 
to the trench and thus incapable of driving the 
forearc along the trench. The identical translation 
rates of the Salvadoran and Nicaraguan forearcs 
are also unexpected given the ~20°–25° differ-
ence in the obliquity of convergence beneath the 
two forearcs (Fig. 1). This result strongly sug-
gests that the two forearcs are mechanically cou-
pled and also implies that active faulting and seis-
micity in the Gulf of Fonseca are unlikely to be 
caused by signifi cant differential motion between 
the Salvadoran and Nicaraguan forearcs. Next, 
we use a variety of new structural observations 
from southeastern El Salvador and the kinematic 
results described here to better understand defor-
mation across the Gulf of Fonseca.

DEFORMATION IN EASTERN EL 

SALVADOR AND THE GULF OF FONSECA

In contrast to the narrow, seismically active 
fault zone in the volcanic arc of central El Sal-

vador (Martínez-Díaz et al., 2004; Corti et al., 
2005), earthquakes in the Gulf of Fonseca and 
eastern El Salvador, where the Salvadoran and 
Nicaraguan forearcs meet, are diffuse and defi ne 
a broad deforming zone, with the most intense 
seismicity focused in the Gulf of Fonseca 
(Fig. 5). Although these earthquakes might be 
interpreted as evidence for a collision between 
the two forearcs, the geodetic evidence described 
here instead indicates that the two forearcs move 
together. The many earthquakes in this region 
are therefore more likely to be a response to the 
~40 km right-stepping offset of the volcanic arc 
combined with the dextral, W to NW motion of 
the forearc. Deformation across this releasing 
bend may be accommodated by some combi-
nation of distributed normal faulting, bookshelf 
faulting, or possibly motion along a through-
going, narrow fault zone accompanied by minor 
distributed faulting.

Earthquake focal mechanisms offer one 
source of information about the nature of 
deformation across the Fonseca offset (Figs. 
1 and 5). All focal mechanisms published for 
earthquakes within or near the Gulf of Fonseca 
are strike-slip with WNW-ESE– and NNE-
SSW–trending nodal planes (Fig. 5). No data 
are available to determine the fault planes for 
these earthquakes, leaving unanswered the 
question of which one of the two nodal planes 
accommodates slip. Nonetheless, strike-slip 
faulting driven by right-lateral shear across the 
volcanic arc clearly contributes to deformation 
in the Gulf of Fonseca, either via right-lateral 
strike-slip motion along one or more WNW-
striking faults or left-lateral strike-slip book-
shelf faulting along NNE-striking faults.

We next describe new geological observa-
tions from eastern El Salvador that bear on the 
nature, timing, and spatial distribution of active 
faults in this region and possibly the Gulf of 
Fonseca.

Regional Fault Patterns

Fault traces in southeastern El Salvador 
were determined using a 10-m-resolution 
digital elevation model (DEM) of El Salvador. 
Faults were mapped based on standard meth-
ods for aerial photos and DEMs. Our main cri-
terion for identifying a fault was the presence 
of a linear feature several kilometers or longer 
that marked a distinct topographic change. 
Valleys oriented radially outward from volca-
nic peaks were excluded. The map of faults in 
eastern El Salvador and the Gulf of Fonseca is 
shown in Figure 6. In general, faults are domi-
nantly oriented N-S throughout this region and 
occur most prominently in the mountainous 
areas. NW-SE– and NE-SW–trending faults 

also occur locally. Several small lakes in the 
region occur adjacent to these inferred faults, 
suggesting graben or half-graben formation. 
Minor E-W–trending faults are inferred, pri-
marily along the proposed eastward continua-
tion of the El Salvador fault zone. The inferred 
faults are similar to faults identifi ed by Wiese-
mann (1975) and Carr and Stoiber (1977) from 
aerial photographs and fi eld observations.

Our own fi eld reconnaissance indicates that 
faults in eastern El Salvador consist dominantly 
of N-striking, normal faults, in accord with our 
DEM analysis. Normal faults were observed 
throughout the region in well-exposed, albeit 
rare, quarries and road cuts. Particularly in 
Sierra de Jucuaran, an elevated region that par-
allels the southern coast of El Salvador (Fig. 
6), these faults show geomorphic evidence for 
offset along them. In this area, offsets appear to 
be predominantly W-side-down on W-dipping 
faults, indicating the formation of a series of 
half grabens. Deep tropical soils and dense 
vegetation in the area did not allow direct 
observation of most of the large-scale faults. 
Small-scale faulting is prevalent in this area 
on most observed outcrops, and the density of 
faulting increases in proximity to the inferred 
larger faults. Slickenside striae recorded on 
these small-scale faults largely indicate dip 
slip, normal sense motion, but also include 
oblique slip at high rakes. Normal faulting thus 
dominates the offset volcanic units we found 
in this region.

Except for rare subhorizontal slickensides, 
we found no evidence for strike-slip faulting in 
eastern El Salvador. In particular, reconnaissance 
fi eld work targeted on the proposed eastward 
continuation of the El Salvador fault zone (Mar-
tínez-Díaz et al., 2004) revealed no evidence for 
a major, active strike-slip fault. Martínez-Díaz et 
al. (2004) proposed that this fault exists based on 
a topographic lineament that follows the trend of 
the El Salvador fault zone eastward (Fig. 6) and 
the occurrence of a right-lateral offset of the San 
Miguel River across this lineament. Although 
we found the trace of a major, E-W–striking 
fault near the San Miguel River, just north of the 
town of San Miguel, we found no compelling 
geomorphic evidence for an eastward continu-
ation of this fault along strike in the DEM or in 
the fi eld. For example, volcanic units adjacent 
to the Gascoarán River, locally the boundary 
between El Salvador and Honduras, showed 
minimal fracture development along the trend 
of the proposed eastward continuation of the 
El Salvador fault zone. The subdued and seem-
ingly discontinuous topographic expression of 
the proposed fault in this region (Fig. 6) and 
lack of associated fracturing along the proposed 
trend of the El Salvador fault zone in eastern El 
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Salvador suggest that forearc motion is partially 
accommodated by other structures.

Age of Faulting

The age of faulting in the study area is con-
strained by the age of volcanic units that are cut 
by the numerous normal faults. We dated two 
volcanic units with 40Ar/39Ar analysis done at the 
Rare Gas Geochronology Laboratory at the Uni-
versity of Wisconsin. Details of the age dating 
are given in Table 1 and in Alvarado (2008). The 
fi rst sampling locality occurs on a well-exposed 

normal fault in Sierra de Jucuaran, herein named 
the Chirilagua fault. This fault is described in 
detail in the following section (location is shown 
in Fig. 7 and given in footnotes to Table 1). The 
sample is from a basaltic lava fl ow taken within 
20 m of the top of the footwall (east side) of the 
W-dipping normal fault and thus represents one 
of the youngest bedrock units affected by the 
Chirilagua normal fault. The 40Ar/39Ar radio-
metric analysis gives a preferred age of 1114 
± 40 ka for this volcanic unit (Table 1). Our 
second sample is from an andesitic pumice tuff 
exposed in a rock quarry on the west side of the 

Conchagua volcano, near the Gulf of Fonseca 
(Fig. 6). This volcanic unit is offset by 33 cm 
by several normal N-striking normal faults. This 
unit is assumed to be relatively young given the 
less fractured nature of the outcrop (which may 
be partially a function of the unlithifi ed nature 
of the outcrop) and the lack of abundance of 
fractures relative to other outcrops in eastern El 
Salvador. This sample has a best 40Ar/39Ar age 
date of 430 ± 72 ka (Table 1).

The age of the two volcanic units indicates 
that normal faulting in eastern El Salvador is 
younger than 430 ka. These data are consis-
tent with fi eld observations of normal faults 
that cut upward to the surface. The Chirilagua 
fault is one of the normal faults recognized on 
the DEM, while the second site has only distrib-
uted small-scale faulting. The young ages for 
both units indicate that both the large-offset and 
small-offset faults are recent, and that the area is 
currently experiencing distributed, extensional 
deformation over a large region.

Chirilagua Fault

Despite the abundance of normal faults in 
eastern El Salvador, there are relatively few 
good outcrops of the larger-offset faults due 
to cover by dense vegetation. One such fault, 
herein named the Chirilagua fault due to its 
proximity to the town of Chirilagua, is subpar-
allel to a major north-south road (CA-2) (Fig. 
7) and is superbly exposed in road cuts along 
this road. There are three main exposures of the 
fault. The two southern fault outcrops are ~30 
m high and ~50–60 m wide and provide fresh 
exposures (Fig. 8). The northern fault outcrop 
consists of a recently exposed fault plane that is 
~5 m high and ~20 m wide, upslope from which 
a deeply weathered fault surface extends another 
3–4 m. We assume that the newly exposed fault 
surface was exhumed during the construction 
of the adjacent road. The effect of construction 
appears to have been minimal, with excavation 
scars easily identifi ed as short (1–2 m), curvi-
linear, subhorizontal scratches that were likely 
produced by a backhoe.

The Chirilagua fault has an average orienta-
tion of 194° and dips steeply (80°) to the west. 
The footwall rocks of the fault consist of a series 
of basalt fl ows. The hanging-wall rocks, where 
not exhumed by road construction, consist 
mainly of highly fractured basalt and soil (Fig. 
8). Asymmetric chatter marks (e.g., Doblas, 
1998) on the fault surface indicate W-side-down 
motion. The direction of fault slip is indicated 
by the orientations of tool marks and slicken-
lines exposed on the fault surface (Fig. 9A). 
Slickenline orientations measured by hand 
show three main clusters: (1) downdip (~45% 

Figure 6. (A) 10 m digital elevation model (DEM) of eastern El Salvador showing location of Figure 7. 

(B) Faults interpreted from the DEM (red lines), fi eld evaluation stations (purple triangles), locations 

and 40Ar/39Ar dates of two samples (white fl ags), and equal-area stereonet plots showing poles to 

fault planes measured during fi eld evaluation (inset on left side).
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Figure 7. (A) Line drawing of Chirilagua Valley topography with 100 m contour intervals. Thick black line and solid black 

polygon represent Highway CA-2 and the town of Chirilagua, respectively. Black rectangle represents location of B. 

Short red lines show Chirilagua fault outcrops. Coordinates are in UTM projection. (B) Locations of the three outcrops 

of the Chirilagua fault (red lines), paleomagnetic stations (blue), strikes and dips of lava fl ows for stations ED3–12 (black 

lines), and location of Figure 8 superimposed on 50 m elevation contours.

TABLE 1. SUMMARY OF 40Ar/39Ar EXPERIMENTS

Sample Experiment Material Total fusion age
(ka ±2σ)

K/Ca total Weighted mean analysis N Isochron analysis

39Ar % MSWD Age
(ka ±2σ)

40Ar/39Ar 
(±2σ)

MSWD Age
(ka ±2σ)

07SJ-17 UW68B18 Plagioclase 439.1 ± 46.9 0.020 100.0 0.84 430.4 ± 72.1 12 of 12 295.4 ± 4.5 0.92 430.4 ± 72.1
07SJ-2 UW68B16 Groundmass 1085.9 ± 44.5 0.117 86.7 0.80 1113.7 ± 40.1 7 of 9 285.2 ± 25.2 0.85 1318.7 ± 459.9

Note: All ages were calculated using the decay constants of Steiger and Jäger (1977; »40K = 5.543 × 10–10 yr–1). Ages are relative to 28.02 Ma Fish Canyon 
sanidine (Renne et al., 1998). Ages in bold are preferred. Coordinates of samples 07SJ-17 and 07SJ-2 are 13°15.5′N, 88°7.45′W and 13°17.0′N, 88°7.45′W, 
respectively. MSWD—mean square of weighted deviates.
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Figure 8. (A) Photograph of southern portion of central outcrop of the Chirilagua fault. (B) Lidar refl ectivity image of part of the fault surface shown 

above. The Terrestrial Lidar Scanner generates a scan of the target producing (x, y, z) positional data for each laser pulse that strikes the scan area, 

producing a point cloud for digital display. The system records the refl ectivity for each pulse, represented as a gray scale value in this image. The black 

rectangle shows the part of the fault surface shown in the above photograph. Lighter-colored objects tend to have stronger refl ectivity. (C) Looking 

down on the image in B, with an applied exaggeration perpendicular to the fault surface. This view illustrates large-scale irregular corrugation of the 

fault surface, where the corrugation represents the long-term slip direction for the fault. Oblique lineations observed in the fi eld (Fig. 10) and within 

the Lidar intensity data above indicate a late, strike-slip overprint.
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of the measurements); (2) moderately S pitch-
ing (~45% of the measurements); and (3) mod-
erately N pitching (~10% of the measurements). 
Taken together, the fi eld observations indicate 
that the Chirilagua fault is dominantly a nor-
mal fault, but it may have also accommodated 
right-lateral oblique slip, corresponding to the 
N-pitching lineations, followed by left-lateral 
oblique slip, corresponding to the S-pitching 
lineations. Crosscutting relationships between 

the different tool marks indicate that the S-pitch-
ing lineations occurred after the formation of the 
downdip lineations (Fig. 10). We interpret this 
pattern to indicate that downdip slip was fol-
lowed by a phase of left-lateral oblique slip.

The fault surface also contains several 20-m-
wavelength corrugations that have peak-to-trough 
amplitudes of 1–2.5 m, characterized using Lidar 
(see following). As a result, the fault strike var-
ies from 178° to 204°. Fault gouge is preserved 

in the corrugation troughs but is absent from the 
corrugation ridges. The fault corrugation ridges 
are also polished on their NW-facing surfaces, 
whereas on their SW-facing surfaces, tool marks 
fi lled with gouge remain well preserved. This 
pattern indicates that sinistral offsets may have 
occurred late in the slip evolution of this fault.

Terrestrial Lidar Scanning

Given the large exposure and complex 
surface geometry of the Chirilagua fault, we 
used Terrestrial Lidar Scanner (TLS) to pro-
duce a three-dimensional image of the fault 
surface over the 60 m of continuous expo-
sure. TLS gathers a three-dimensional survey 
of the fault surface morphology and its laser 
refl ectivity. The 3-D image was produced by 
an Optech Inc., Ilris 3D 1500 nm, tripod-
mounted laser system. Four parameters were 
recorded for each imaged point on the fault 
surface: X, Y, Z coordinates relative to an ori-
gin at the tripod and a value of refl ectivity. A 
point spacing of 3–35 mm was achieved from 
a single scan of the fault surface. Point den-
sity in the model was increased by recording 
several scans of the fault surface and manu-
ally merging them using Polyworks 10.12 
software from Innovmetric. Fault-slip direc-
tions can be derived by mapping kinematic 
markers that are visible on a geospatially 
referenced 3-D Lidar model. Kinematic indi-
cators such as tool marks and slickenlines 
produce visible linear anomalies in the refl ec-
tivity of the model surface, the orientations 
of which can be measured with the Lidar, and 
imaged with the IMView software.

The fi rst-order features that show up in 
our 3-D Lidar model of the Chirilagua fault 
are the 20-m-wavelength, 1–2.5-m-amplitude 
fault corrugations with axes that point downdip 
(Fig. 8). Linear refl ectivity anomalies are also 
clearly visible (Fig. 8), which occur at smaller 
(decimeter to meter) spatial scales than the 
corrugations, and defi ne three distinct clusters. 
The dominant cluster, constituting ~75% of the 
lineations we identifi ed, pitches shallowly to 
the south at ~30° (Fig. 9B). A secondary clus-
ter pitches steeply to the south at ~70° (Fig. 
9B) and constitutes ~20% of the lineations we 
identifi ed. Finally, a minor cluster of lineations 
pitches to the north at ~30° (Fig. 9B).

Two main conclusions result from our inter-
pretation of the Lidar image. First, the linea-
tions we identifi ed from the refl ectivity anoma-
lies (Fig. 9B) correspond well to those that we 
measured in the fi eld (Fig. 9A). The lineations 
mapped with the Lidar occur everywhere on 
the fault surface and thus validate our fi eld 
measurements, which were limited to the lower 

NN

A B

Figure 9. Stereonet plot of fault striae measured in the fi eld (A) and on the Terrestrial Lidar Scanner 

model (B).
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Figure 10. Photograph of crosscutting relationships between downdip and left-lateral oblique kine-

matic indicators observed at the Chirilagua fault.
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2–3 m of the outcrop that were accessible from 
the ground. Second, the corrugations occur 
parallel to the downdip lineations, indicating 
that the normal motion occurred fi rst and was 
of greater magnitude than the later left-lateral 
oblique motion. Thus, the Lidar data help to 
constrain both the timing and relative magni-
tude of the fault movement.

Fault Interpretation

The Chirilagua fault is unusual in two 
respects. First, its ~80° dip is steeper than that of 
most normal faults. Second, multiple lineation 
orientations are exposed on the fault surface. We 
next discuss each of these features.

We hypothesize that the steep dip of the 
Chirilagua fault represents its original dip. 
Faults can achieve such dips when blind nor-
mal faults propagate upward and/or when they 
exploit subvertical cooling fractures, as has been 
documented for normal faults in basaltic rocks 
in Iceland, East Africa, and Hawaii (e.g., Muffl er 
et al., 1994; Angelier et al., 1997; Peacock and 
Parfi tt, 2002; Grant and Kattenhorn, 2004; Mar-
tel and Langley, 2006; White and Crider, 2006). 
Our hypothesis is supported by the observation 
that lava fl ows dip 14° to the east in the footwall 
of the fault (see paleomagnetic section), indicat-
ing that the 80°W-dipping fault was subperpen-
dicular to the lava fl ows. If the Chirilagua fault 
is one of a series of half grabens that occur in 
the Sierra Jucuran, progressive extension in the 
region would serve to increase the dips of lava 
fl ows cut by those faults and decrease the dip of 
normal faults cutting those fl ows, in accord with 
the dips reported here for the Chirilagua fault 
and the fl ows cut by the fault.

The number of lineations on the Chirilagua 
fault is also unusual for a fault surface. As noted 
previously, the well-developed 20-m-scale cor-
rugations imaged by the Lidar data indicate that 
the early movement was downdip and this was 
the direction of maximum displacement. Over-
printing of the downdip lineations by the left-lat-
eral oblique lineations (Fig. 10) suggests that the 
early phase of dip-slip movement was followed 
by a phase of left-lateral oblique slip. This rela-
tionship is also consistent with the spatial rela-
tionship between fault gouge and corrugations; 
the downdip corrugations and gouge between 
those corrugations were created during an initial 
phase of downdip slip, after which left-lateral 
oblique slip polished the gouge off the NW faces 
of the corrugation ridges and preserved it in the 
SW faces of the corrugation valleys.

The small population of shallowly N-pitch-
ing lineations is more diffi cult to interpret. The 
N-pitching lineations did not obviously over-
print either of the earlier lineation sets, so the 

relative timing of this slip phase is unknown. If 
the N-pitching lineations record a component 
of normal faulting, then they record a differ-
ent phase of right-lateral, oblique-slip motion. 
Alternatively, the N-pitching lineations may rep-
resent an early phase of deformation, possibly 
recorded during propagation of the fault follow-
ing the model of Kaven and Martel (2007). In 
such a model, en echelon fractures that are cre-
ated early in the development of a fault eventu-
ally link with each other and with the fault as the 
fault matures, which results in the development 
of an irregular fault trace. Changes in stress 
directions result in changes in slip direction on 
these preexisting fractures as the fault propa-
gates laterally and breaches Earth’s surface 
(Kaven and Martel, 2007). These types of irreg-
ularities are smoothed into outcrop-scale fault 
corrugations as the fault matures (Ferrill et al., 
1999). The large corrugations on the Chirilagua 
fault are consistent with this interpretation.

Paleomagnetic Analysis

Paleomagnetic data were used to test whether 
the crustal blocks adjacent to the Chirilagua 
fault have rotated about vertical and/or horizon-
tal axes. In total, 322 oriented samples were col-
lected with a portable gas-powered drill from 33 
sites along ~0.5-km-long transects separated by 
~1 km and positioned within the footwall of the 
Chirilagua fault (Fig. 7). The southern transect 
(labeled EC in Fig. 7) consists of 21 sites that 
sample the surface of the Chirilagua fault and 
the footwall rocks exposed in the central out-
crop (sites EC1–8) and a complex of volcanic 
fl ows, breccias, and dikes (sites EC9–21). This 
transect was also the site of our Lidar study and 
the 1114 ± 40 ka sample dated via 40Ar/39Ar 
analysis. The northern transect (sites ED 1–12) 
was taken at distance from the fault surface in 
the footwall block of the Chirilagua fault and 
consists of 12 sites that sample a sequence of 
generally E-dipping lava fl ows.

Methods

Demagnetization of all our paleomagnetic 
samples was done using alternating fi eld (AF) 
and thermal treatment at the University of 
New Mexico paleomagnetism laboratory. All 
sites received AF demagnetization treatment 
using a 2G Enterprises Model 760R three-axis 
superconducting rock magnetometer and its 
AF demagnetization system in a magnetically 
shielded room. At least one sample per site 
received a sequence of fi ne demagnetization 
steps of 2 mT up to 20 mT and 5 mT up to 120 
or 130 mT. The rest of the samples were typi-
cally demagnetized in 10 mT steps up to 120 
or 130 mT. Fifty representative samples from 

all 33 stations were thermally demagnetized 
using a Schondstedt TSD-1 furnace following 
the temperature sequence specifi ed in Figure 11.

Sample demagnetization results were plot-
ted on orthogonal demagnetization plots, exam-
ples of which are shown in Figure 11. Sample 
means were calculated with Paleomag 3.1 
software (Jones, 2002) through a Fisher least 
squares regression of selected demagnetization 
points that included the plot origin to defi ne a 
best-fi tting linear segment. Sample means with 
maximum angular deviation values greater than 
15° were discarded from the initial site mean 
calculation. Site means and uncertainties were 
iteratively calculated after discarding samples 
for which means were more than two angular 
distances away from the site or transect mean. 
Orthogonal demagnetization plots show that 
the response to progressive demagnetization 
of most samples was linear (Fig. 11). Sample 
means typically had low mean angular deviation 
values, with the exception of most sites drilled 
on the surface of the Chirilagua fault (EC1–8). 
Most samples showed weak viscous remanent 
magnetizations that overprint a primary signal 
believed to represent thermal remanent magne-
tizations—the viscous component was removed 
at low fi elds (10–20 mT) or low unblocking tem-
peratures (below 300 °C). AF treatment with up 
to 120–130 mT achieved 80% demagnetizations 
for ~60% of the samples. Further demagnetiza-
tion using thermal treatment showed no change 
in magnetic orientation. Thermal treatment with 
maximum temperatures of 590 °C resulted in 
more than 99% demagnetization for all samples. 
A relatively small demagnetization step occurred 
for most samples at temperatures of 300–350 
°C, and most demagnetization occurred at tem-
peratures of 500–590 °C. Curie temperatures 
and hysteresis loop parameters determined from 
representative samples are consistent with low-
Ti to moderate-Ti magnetite as the dominant 
magnetic carrier (Alvarado, 2008).

Results

Site means, statistics, and other informa-
tion are shown in Table 2. Samples from the 
northern transect (ED) have a tightly clustered 
mean declination and inclination of 184.0° and 
−18.9°, respectively, and a Fisher 95% angular 
uncertainty α

95
 of 6.4° (Fig. 12). Individual sites 

have low standard deviations, and individual 
samples have low mean angular deviation val-
ues. The southern transect was subdivided into 
two groups, the means and dispersions of which 
differ substantially. Sites EC1–8 have a mean of 
182.9°, 5.7°, but large scatter of ±30° (95% con-
fi dence level). Individual sites in this group have 
high standard deviations, and individual sam-
ples show variable results, with some having 
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medium to high maximum angular deviations 
and most showing large magnetic overprints. 
Results from sites EC1–8 are excluded from fur-
ther analysis for this study. The other cluster of 
sites (EC9–21) from the southern transect have 
a mean paleopole of 192.0°, −13.0° and 95% 
confi dence limit (±11.8°) nearly a factor of three 
smaller than for sites EC1–8 (Fig. 12). Individ-
ual sites and samples from this group have low 
to medium standard deviations and maximum 
angular deviations, respectively.

A stratigraphic correction to the site means 
was performed to restore the mean orientation 
of lava fl ows to a presumably original horizontal 
attitude. Lava fl ows sampled on sites from the 
northern traverse (ED3–11) have a mean strike 
of 347° and mean dip of 14° to the east. This 
tilting is presumably due to normal movement 
along the Chirilagua fault, which rotates the lava 
fl ows about a horizontal axis due to slip along a 
listric fault or by domino-style faulting. If res-
toration of the lava fl ows to the horizontal cor-

rects for the downdip component of faulting, the 
resulting correction should isolate the vertical 
axis-rotation component.

Stereonet plots of tilt-corrected sites are 
shown in Figure 12. Correcting the results for 
sites along the northern transect (ED1–12) by 
the tilt rotates the declination clockwise by 3.9° 
and the inclination 4.5° toward the horizontal, 
yielding a stratigraphically corrected mean 
declination and inclination of 187.9°, −14.4° 
(±6.4°). Correcting the results for sites EC9–
21 by the tilt rotates the declination clockwise 
by 2.2° and the inclination 6.2° toward the 
horizontal, yielding a stratigraphally corrected 
mean declination and inclination of 194.2°, 
−6.8° (±11.8°). Combining the results for both 
of these transects yields a stratigraphically 
corrected traverse mean direction of 191.2°, 
−10.6° (±6.7°, 95%).

The expected declination and inclination 
for young rocks in this location based on an 
assumption of an axial geocentric dipole are 

180° and −25.2° (Butler, 1992). Relative to the 
expected declination and inclination, our strati-
graphically corrected mean direction of 191.2°, 
−10.6° therefore implies that the footwall rocks 
have rotated 11.2° ± 6.7° clockwise around a 
vertical axis and 14.6° toward the horizon-
tal around a horizontal axis since they were 
extruded onto the surface. Whether or not these 
are representative of the regional-scale defor-
mation is unknown since our paleomagnetic 
samples are limited to a single fault-bounded 
block and may not fully sample secular varia-
tion of the paleomagnetic fi eld.

There are two important implications of the 
paleomagnetic results: (1) the rate of rotation; 
and (2) the sense of rotation. The clockwise 
rotation of 11° ± 7°, although small, is detectible 
using paleomagnetic methods at a 95% confi -
dence level. The rate of rotation, assuming ver-
tical-axis rotation, would be ~26°/m.y. (within 
a range 7°–42°/m.y., representing the values of 
the error brackets on the rotation). This rate is 
quite high because of the relatively young rocks 
(430 Ma) involved in the deformation. For com-
parison, rotation rates in the Transverse Ranges 
of southern California along the San Andreas 
fault system are typically ~6°/m.y., although 
rates are locally ~13°/m.y. (Luyendyk, 1991). 
Perhaps more relevant, paleomagnetically 
determined, vertical-axis rotation in a pull-apart 
structure in western Nevada indicates ~25° of 
clockwise rotation from internal blocks (Petro-
nis et al., 2002), although a rate is diffi cult to 
calculate because of ambiguities in the age of 
magnetic acquisition. The sense of rotation in 
the El Salvador study area is clockwise, which 
is consistent with overall dextral shear. Some 
caution is warranted. In studies with more sam-
pling localities, individual block domains can 
be distinguished where some domains rotate 
in a clockwise sense and others in a counter-
clockwise sense (e.g., Petronis et al., 2002; 
Avşar, and Isseven, 2009). The lack of expo-
sure in El Salvador did not allow us to sample 
more broadly, and thus we did not pursue this 
strategy. Wawrzyniec et al. (2002) argued that 
there is no straightforward relationship between 
the sense of shear and the expected rotation of 
fault-bounded blocks within a broad zone of 
transcurrent shear. Rather, initial orientation of 
inherited structures and their obliquity to the 
primary trend of the deforming zone have pri-
mary control in determining if a fault-bounded 
block will rotate clockwise or counterclockwise 
in response to transcurrent shear, a result con-
sistent with analog physical models (Markley 
and Tikoff, 2002). The poor exposure in south-
eastern El Salvador makes knowing the block 
geometry diffi cult, although the main fault trend 
in the Sierra de Jucuaran is N-S oriented, and 
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the faults are closely spaced (~3–5 km). Thus, 
we anticipate that the fault blocks are N-S and 
elongate, although it is unlikely that they extend 
from the coast inland to the eastern extension of 
the El Salvador fault zone as coherent blocks. 
Regardless, N-S elongate blocks oriented at a 
high angle to an E-W plate boundary in a right-
lateral setting are expected to rotate clockwise, 
consistent with the sense of rotation.

Structural Summary

North-south–oriented normal faults are 
found throughout eastern El Salvador, sug-
gesting that they accommodate regional exten-
sion dominated by E-W elongation. Faulting is 
recent, because faults cut up to the ground sur-
face through soil layers and locally through two 
volcanic units with young ages (1114 ± 40 ka 
and 430 ± 72 ka). Our paleomagnetic analysis 
indicates that the N-S, elongate fault blocks may 
have experienced minor clockwise, vertical-axis 

rotation in the last ~1 m.y. Despite the limitation 
of the paleomagnetic data to a single site, the 
observed clockwise rotation is consistent with 
distributed right-lateral shear (wrench) parallel 
to the plate margin.

Detailed kinematic analysis from the well-
exposed Chirilagua fault shows that it records 
predominantly downdip, normal movement and 
most likely formed at a steep dip, presumably 
by exploiting subvertical cooling fractures in the 
volcanic units that it offsets. Some amount of 
later phase left-lateral oblique slip also occurred 
along this fault, consistent with the minor clock-
wise, vertical-axis rotation of crustal blocks 
that our paleomagnetic analysis reveals. These 
observations are consistent with left-lateral slip 
along the NNE-striking nodal planes of shal-
low-depth earthquake focal mechanisms in the 
nearby Gulf of Fonseca (Fig. 5). The abundant 
and recent deformation in this region, including 
E-W elongation and possibly trench-parallel 
right-lateral shear, is consistent with a model in 

which this region is part of a step-over zone in 
a major right-lateral offset of the Central Ameri-
can volcanic arc.

DISCUSSION

Forearc Kinematics from GPS

Slip Rate across Salvadoran and 

Nicaraguan Volcanic Arcs

The new GPS velocity fi eld illustrates sev-
eral important aspects of the regional deforma-
tion. Within El Salvador, the differential motion 
between GPS sites close to but on opposite sides 
of the volcanic arc is 9–10 mm yr–1 (Fig. 2), par-
allel to the El Salvador fault zone. This result 
constitutes a minimum estimate for the long-
term slip rate across the volcanic arc. Modeling 
of the full velocity fi eld accounting for elastic 
effects gives a best long-term rate of 15 ± 2 mm 
yr–1 relative to the plate interior, comparable 
to a 11 mm yr–1 slip rate estimated from dex-

TABLE 2. PALEOMAGNETIC ANALYSIS BY SITE

Site Lithology Latitude
(°N)

Longitude
(°W)

UTM(16) 
N

UTM(16) 
W

n/N D
(°)

I
(°)

α95
(°)

Bedding

EC1 Fault 13.2595 88.1241 1466107 378221.9 6/10 204.9 10.9 29.4
EC2 Fault 13.2594 88.1241 1466096 378221.8 5/8 176.9 2.2 27.9
EC3 Fault 13.2593 88.1241 1466085 378221.8 6/7 170.7 3.3 26.2
EC4 Fault 13.2593 88.1241 1466085 378221.8 8/11 281.3 –2.5 56
EC5 Fault 13.2592 88.1241 1466019 378217.2 6/7 164.4 –10.5 9.9
EC6 Fault 13.2591 88.1241 1466063 378221.7 8/12 182 15.4 34.2
EC7 Fault 13.2590 88.1241 1466052 378221.6 5/12 176 13.7 33.6
EC8 Fault 13.2589 88.1241 1466041 378221.6 11/13 145.5 3.5 88.4
EC9 Breccia 13.2585 88.1240 1465997 378232.2 8/8 165.9 –21.7 12.4
EC10 Flow 13.2572 88.1240 1465848 378235.9 6/7 180.5 –16.1 3.7
EC11 Flow 13.2566 88.1238 1465792 378251.3 6/10 183.6 0.6 12.2
EC12 Dike 13.256 88.1237 1465718 378265.7 11/12 179.5 –17.1 3.3
EC13 Dike 13.2557 88.1236 1465682 378276.3 4/10 212.3 –29.9 13.8
EC14 Breccia 13.2556 88.1236 1465676 378279.5 3/4 198.9 –21.2 50.2
EC15 Dike 13.2554 88.1236 1465676 378279.5 11/13 181.5 –14.4 4.6
EC16 Flow 13.2551 88.1236 1465620 378273.9 7/8 232.4 –24.9 18.6
EC17 Flow 13.2550 88.1236 1465609 378273.8 7/12 201.9 8.2 15.9
EC18 Breccia 13.2548 88.1236 1465587 378278.1 7/12 200.5 –0.9 6.4
EC19 Flow 13.2547 88.1235 1465580 378284.5 7/8 202.7 –4.1 7.6
EC20 Flow 13.2541 88.1233 1465498 378237.5 8/9 194.7 8.6 2.1
EC21 Dike/breccia 13.2552 88.1236 1465627 378270.7 15/19 163.5 –28.2 5.5
ED1 Flow 13.2660 88.1244 1466826 378192.7 6/7 178.2 –20.6 6.7
ED2 Flow 13.2655 88.1244 1466772 378192.4 8/10 184.7 –32.4 3.1
ED3 Flow 13.2655 88.1266 1466772 377954 9/11 182.6 –37.5 3.6 58, 41
ED4 Flow 13.2654 88.1242 1466762 378206.4 7/7 185.3 –20.8 2.3 59, 41
ED5 Flow 13.2653 88.1241 1466747 378222.6 12/14 181.8 –20.5 8.7 60, 41
ED6 Flow 13.2653 88.1240 1466749 378235.6 6/9 187.8 –18.9 2.5 284, 29
ED7 Flow 13.2651 88.1239 1466726 378246.3 7/8 188.4 –12.4 6 274, 33
ED8 Flow 13.2650 88.1239 1466715 378246.3 8/9 182.8 1.3 3 296, 22
ED9 Flow 13.2648 88.1239 1466688 378251.6 7/10 178.5 –30.2 11 43, 31
ED10 Flow 13.2646 88.1238 1466671 378256.9 6/8 185.3 –21.6 4.4 284, 22
ED11 Flow 13.2645 88.1238 1466660 378256.9 7/10 185.5 –9.5 6.6 279, 32
ED12 Flow 13.2644 88.1238 1466650 378253.6 7/7 185.7 –3.7 2.4 250, 32; 76, 71

Note: Columns 1 to 6 specify the paleomagnetic sample codes, sample coordinates, and Universal Transverse Mercator (UTM) coordinates in 
meters; “n” and “N” are the number of samples used to fi nd the mean and the number of samples collected at the site, respectively. Paleomagnetic 
declination (D) and inclination (I) are measured in degrees clockwise from north and degrees down from horizontal, respectively. α95 is the Fisherian 
95% confi dence limit in degrees. Final column gives the strike and dip of the bedding if it could be determined.
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tral offsets of drainages across the El Salvador 
fault zone (Corti et al., 2005) and to the 10 mm 
yr–1 differential movement of two GPS sites 
that span the volcanic arc in Guatemala (Lyon-
Caen et al., 2006). All of these indicate that the 
long-term movement of the Salvadoran forearc 
exceeds 10 mm yr–1 relative to the Caribbean 
plate, which is faster than expected given the 
absence of oblique convergence across the sub-
duction zone offshore.

The slip rate in Nicaragua is less well deter-
mined, mainly due to greater uncertainty in the 
Nicaraguan station velocities. Our modeling 
suggests a best long-term rate of 17 ± 2 mm yr–1 
(Fig. 2), which is insignifi cantly faster than that 
for the Salvadoran forearc.

Implications for the Forces that Drive and 

Resist Forearc Motion

The GPS and structural observations 
described here highlight two unusual aspects 
of the study area that may hold useful infor-
mation about the forces responsible for driv-
ing motion of the Nicaraguan and Salvadoran 
forearcs. First, the absence of oblique subduc-
tion beneath the translating Salvadoran forearc 
precludes partitioning of oblique subduction as 

the driving force for its trench-parallel motion, 
the usual explanation for why forearcs move 
along trenches (e.g., Avé Lallemant and Guth, 
1990; Beck, 1991; McCaffrey, 1992). Second, 
the kinematic evidence that the Nicaraguan and 
Salvadoran forearcs comprise a single unde-
forming forearc sliver is surprising given that 
the obliquity of Cocos plate subduction changes 
by 20°–25° from Nicaragua to El Salvador. 
Comparable changes in the angle of subduction 
obliquity elsewhere are associated with along-
strike forearc elongation and shortening (e.g., 
Avé Lallemant and Guth, 1990; Fossen and 
Tikoff, 1998). Other factors may therefore infl u-
ence forearc kinematics in this region and, by 
inference, other areas.

We suggest that the weak frictional coupling 
of the Cocos plate subduction interface offshore 
from much of Central America (Lyon-Caen et al., 
2006; Correa-Mora et al., 2009; LaFemina et al., 
2009) is central to understanding the forces that 
drive and resist the trench-parallel motion of the 
Central American forearc. Weak or no coupling 
across the subduction interface implies that the 
subducting Cocos plate imparts little or no trac-
tion on the base of the Central American forearc, 
either parallel or perpendicular to the trench. 

By implication, partitioning of the observed 
oblique subduction beneath the coast of south-
eastern Nicaragua (DeMets, 2001; LaFemina et 
al., 2009) is unlikely to drive the trench-parallel 
motion of the Nicaraguan forearc, as advocated 
by DeMets (2001), unless the subduction cou-
pling offshore from Nicaragua is signifi cantly 
higher over longer time periods than implied by 
GPS measurements over the past decade.

Other forces must therefore be invoked to 
move the Nicaraguan and Salvadoran forearcs, 
possibly at the trailing edge of the forearc in 
Costa Rica (Fig. 4) or along the leading edge of 
the forearc in Guatemala. Both are considered in 
the following paragraphs.

From modeling of GPS measurements in 
Costa Rica and Nicaragua, LaFemina et al. 
(2009) proposed that the ongoing collision of 
the Cocos Ridge with the Middle America sub-
duction zone off the coast of Costa Rica drives 
the trench-parallel motions of the Costa Rican, 
Nicaraguan, and Salvadoran forearcs. In this 
model, the buoyant Cocos Ridge indents the 
western edge of the Caribbean plate and induces 
lateral, northwestward escape of the Costa 
Rican forearc, which in turn drives northwest-
ward movement of the Nicaraguan forearc.

ED3-11 bedding in situ
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Figure 12. Stereonet plots of bedding orientations and site mean magnetic directions before and after tilt corrections. 

GADM—Geocentric Axial Dipole Model.
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Figure 4 shows how the motions of the 
Salvadoran and possibly Guatemalan forearcs 
might also be distant effects of this collision. 
The weak frictional coupling across the subduc-
tion interface at the base of the Central Amer-
ica forearc sliver plays a key role by leaving 
these forearcs relatively free to translate along 
the trench in response to a push from behind. 
DeMets (2002) and LaFemina et al. (2009) both 
showed that thrust earthquake slip directions 
offshore from the Nicaragua, El Salvador, and 
eastern Guatemala forearcs are defl ected sys-
tematically clockwise from the Cocos-Carib-
bean slip direction, as expected if these forearcs 
were escaping northwestward or westward from 
the Cocos Ridge collision zone. The partially 
partitioned oblique subduction off the coast of 
southeastern Nicaragua previously described 
and interpreted by DeMets (2001) as the cause 
of trench-parallel translation of the Nicaraguan 
forearc may refl ect forearc escape.

The available data do not exclude a model 
in which partitioning of obliquely convergent 
Cocos-Caribbean plate motion offshore from 
Costa Rica, where coupling across the subduc-
tion interface is higher (Norabuena et al., 2004; 
LaFemina et al., 2009), may contribute to the 
trench-parallel motions of the Nicaraguan 
and hence Salvadoran forearcs. Whatever the 
driving force, low frictional coupling across 
the bases of the Nicaragua and Salvadoran 
forearcs may play a critical role in allowing 
the two forearcs to translate as a rigid or quasi-
rigid crustal sliver.

Translation of the Central America forearc 
may also be driven by a pull on its leading edge 
in eastern and central Guatemala (Fig. 4). Mal-
fait and Dinkelman (1972) and Burkart (1983) 
postulated that the western end of the Central 
American forearc is pinched between the North 
American and the Cocos plates and may there-
fore be dragged westward with the North Amer-
ican plate. Rapid westward motion of the west-
ern end of the forearc would pull on the trailing 
Salvadoran and Nicaraguan forearcs, possibly 
explaining their motions. Extensional struc-
tures might then be expected to form in both the 
Salvadoran and Nicaraguan forearcs. Our GPS 
measurements, however, show no evidence for 
signifi cant stretching of the forearc (Fig. 2), and 
we are unaware of any evidence for large-scale 
extensional faulting across the entire forearc. 
Normal faults in the Gulf of Fonseca and south-
eastern El Salvador (Fig. 6) and along the Nica-
raguan and Salvadoran volcanic arcs (Cowan 
et al., 2002; LaFemina et al., 2002; Corti et al., 
2005; Agostini et al., 2006) are localized to off-
sets of the volcanic arc or changes in its trend. 
Driving the forearc via a “pull” on its leading 
edge thus seems physically implausible given 

both the weakness of continental crust under 
tension and the lack of any supporting geodetic 
or structural evidence.

Gulf of Fonseca

Our second objective was to determine how 
motion is transferred from faults in central Nica-
ragua to faults in central El Salvador across the 
Gulf of Fonseca, where the volcanic arc is offset 
and changes trend. The geodetic, seismologic, 
structural, and paleomagnetic data described 
here and the velocities of two GPS sites from 
eastern El Salvador provide a strong basis for 
testing between alternative hypotheses for how 
the motion is transferred (Fig. 3). Two of these 
models, the fault-jog and fault-termination 
models (Figs. 3A and 3C), postulate that faults 
in the offset volcanic arcs are connected by one 
or more N-NW–striking faults that presumably 
sole onto a single master fault, comprising a 
relatively narrow zone of deformation. The fault 
termination model also allows for differential 
movement between the Salvadoran and Nica-
raguan forearc slivers offshore. In contrast, the 
pull-apart model (Fig. 3B) postulates that slip is 
transferred gradually between the Nicaraguan 
and Salvadoran volcanic arc faults by a series 
of intervening structures that are bounded by 
strike-slip faults at their northern and south-
ern edges. The eastern edge of the pull-apart is 
defi ned by the Gulf of Fonseca, with prominent 
normal faulting and low elevations. The west-
ern edge of the pull-apart is defi ned by a lack of 
distributed faulting observed in DEM, presence 
of magmatic centers that do not follow a linear 
trend, and consistency of GPS movements south 
of the El Salvador fault zone outside (west) of 
the pull-apart; the exact orientation and position 
of the western boundary is not precisely known. 
The location of the southern boundary of the 
pull-apart structure occurs offshore.

The GPS, seismic, and structural data favor 
a model in which deformation across a broad 
pull-apart zone in eastern El Salvador and the 
Gulf of Fonseca gradually transfers dextral 
shear across volcanic arc faults in Nicaragua 
inland to the volcanic arc faults of El Salva-
dor (Fig. 3B). Earthquake focal mechanisms 
in and near the Gulf of Fonseca are evidence 
that dextral E-W strike-slip earthquakes and/
or bookshelf faulting via left-lateral slip along 
N-trending faults accommodate deformation 
in the step-over. Abundant evidence shows that 
this strike-slip faulting is accompanied by active 
extension, despite the absence of normal-fault-
ing earthquake focal mechanisms in this zone. 
Soil layers and young (430 ka and 1114 ka) vol-
canic units are offset by N-S–trending normal 
faults that are ubiquitous in eastern El Salva-

dor (Fig. 6), demonstrating the youth of those 
faults. North-south–trending normal faults also 
clearly appear on islands in the Gulf of Fonseca 
(Fig. 6), together defi ning a zone of distributed 
normal faulting that is ~60 km wide from east-
to-west and ~40 km wide north-to-south. Within 
this deforming zone, GPS stations JUCU and 
SAIN (Fig. 5) have respectively faster east-
ward motions relative to the Salvadoran forearc, 
which are also consistent with distributed E-W–
directed elongation across this region.

We therefore propose that much of eastern 
El Salvador belongs to a pull-apart zone that 
includes the Gulf of Fonseca, which we herein 
name the Fonseca pull-apart. Funk et al. (2009) 
independently reached a similar conclusion 
from their analysis of topography around the 
Gulf of Fonseca and two marine seismic lines 
in the gulf. The precise geographic limits of 
the Fonseca pull-apart are unknown. Recon-
naissance fi eld work done in easternmost El 
Salvador indicates that the El Salvador fault 
zone described by Corti et al. (2005) does not 
continue eastward to the border with Honduras. 
In this locale, we found no geomorphic expres-
sion of a large fault, nor was faulting as obvi-
ous as we observed in the outcrops in Sierra de 
Jucuaran farther south, where we surveyed the 
Chirilagua fault. Although we were unable to 
locate the northern margin of the Fonseca pull-
apart, one or more structures east of the El Sal-
vador fault zone must connect eastward to active 
faults in the Gulf of Fonseca (Fig. 5) and remain 
to be discovered. The southern margin of the 
Fonseca pull-apart is likely to be offshore and 
may be marked by a line of small earthquakes 
west of the Gulf of Fonseca or possibly by the 
southwestern limit of the Nicaragua Depression 
imaged in the gulf by Funk et al. (2009).

Our detailed structural study of the Chirila gua 
fault within the Fonseca pull-apart provides use-
ful additional information about the pull-apart, 
albeit at a much smaller scale than our other data. 
The N-S strike of the fault is consistent with the 
regional normal-fault strikes and geodetic evi-
dence for E-W extension in this area. The Lidar 
data show that the downdip movement along 
the fault is dominant (Fig. 9B), as expected for 
a steeply dipping normal fault, but they also 
reveal numerous slickenlines consistent with a 
more recent phase of left-lateral oblique slip and 
additional but fewer slickenlines consistent with 
right-lateral oblique slip. Crosscutting relation-
ships between the slickenlines formed by down-
dip and left oblique slip (Fig. 10) require that 
downdip movement occurred fi rst. The relative 
timing of the more weakly expressed phase of 
oblique right-lateral slip is unknown.

Our paleomagnetic analysis indicates that 
~10° of clockwise rotation may have occurred 
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in the relatively young footwall rocks (ca. 1 Ma 
or younger) of the Chirilagua fault (Fig. 12). 
Although the uncertainties and small amount of 
rotation do not allow us to establish defi nitely 
that block rotation is occurring, clockwise rota-
tion of fault-bounded blocks within the Fonseca 
pull-apart is consistent with the kinematically 
required E-W dextral shear across the pull-apart 
due to the motion of the forearc (Figs. 3 and 4). 
In addition, left-lateral oblique slip is consistent 
with that expected if the fault-bounded blocks 
in the Fonseca pull-apart undergo bookshelf 
faulting in response to dextral shear across its 
bounding faults, as also appears to occur in the 
Managua graben of central Nicaragua (LaFe-
mina et al., 2002).

On the basis of these observations, we 
propose that deformation within the Fonseca 
pull-apart consists of E-W elongation of an 
~60-km-wide extensional zone, possibly with 
some bookshelf faulting. The gradual transfer 
of motion from the forearc faults that bound 
the pull-apart to the north and south implies 
that slip rates on the El Salvador fault zone 
decrease to the east along the eastward continu-
ation of the fault proposed by Martínez-Díaz 
et al. (2004), as illustrated in Figure 5. This 
motion may be transferred via faults within the 
pull-apart to a proposed right-lateral strike-slip 
fault that bounds the southern edge of the pull-
apart and continues eastward across the Gulf of 
Fonseca to the Nicaraguan volcanic arc. Funk 
et al. (2009) found evidence in marine seismic 
lines within the gulf for one such fault cutting 
across the gulf, although they interpreted this 
structure as the southern edge of the volcanic 
graben. Although the location of deformation 
is presumably primarily dictated by where the 
volcanic arc is offset, preexisting structures may 
also infl uence the location, geometry, and style 
of present deformation.

LIMITATIONS OF PRESENT STUDY

Although our work represents a step for-
ward in understanding the kinematics and geo-
logically recent deformation of the Salvadoran 
forearc and its intersection with the Nicaraguan 
forearc across the Gulf of Fonseca, many uncer-
tainties remain. Our treatment of the Nicara-
guan volcanic arc as a simple strike-slip system 
is clearly oversimplifi ed in light of the evidence 
described by Cowan et al. (2002), La Femina et 
al. (2002), Cailleau et al.,(2007), and Funk et 
al. (2009) that dextral shear across the volcanic 
arc is accommodated across a 10–20-km-wide 
deforming zone for much of its length. Signifi -
cant questions also remain about how motion 
along faults in the Nicaraguan volcanic arc is 
transferred across the Gulf of Fonseca to the El 

Salvador fault zone. Further work is also needed 
to better understand how approximately E-W 
elongation across much of Central America 
inland from the Salvadoran and Guatemalan 
volcanic arcs (Lyon-Caen et al., 2006; Rodri-
guez et al., 2009) may infl uence our model-
based estimate of the forearc motions. Finally, 
large uncertainties in the velocities for most sta-
tions in Nicaragua are an important limiting fac-
tor in our ability to detect any motion between 
the Nicaraguan and Salvadoran forearcs. Ongo-
ing measurements at GPS stations throughout 
the region should soon help us to better under-
stand the regional tectonics and seismic hazard.

CONCLUSIONS

GPS velocities for sites in El Salvador, 
southern Honduras, and Nicaragua indicate that 
the Nicaraguan and Salvadoran forearcs move 
together at rates of 15 ± 2 mm yr-1 to the WNW-
NW relative to the Caribbean plate. Offshore 
from El Salvador, the Cocos plate subducts in 
a direction orthogonal to the trench, thereby 
ruling out partitioning of oblique subduction 
as a possible explanation for the trench-paral-
lel motion of the Salvadoran forearc. Offshore 
from Nicaragua, observed partial partitioning of 
up to ~25 degrees of oblique Cocos plate con-
vergence could be evidence that oblique conver-
gence drives motion of the Nicaragua forearc. 
However, GPS measurements in both El Salva-
dor and Nicaragua clearly indicate that the sub-
ducting Cocos plate imposes little or no traction 
on the base of either forearc and therefore may 
be incapable of infl uencing their motions.  We 
therefore infer that the northwestward motion of 
the Nicaraguan forearc is driven by the collision 
of the Cocos Ridge with the edge of the conti-
nent in Costa Rica, as suggested by LaFemina et 
al. (2009). We further infer that the Salvadoran 
forearc is pushed to the WNW along the trench 
by the Nicaraguan forearc, with both forearcs 
free to move due to the weak coupling along 
their bases.

The slower-than-expected motions of two 
GPS sites in southeastern El Salvador are con-
sistent with regional- and local-scale seismic 
and structural evidence for broadly distributed 
deformation across an ~60-km-wide exten-
sional step-over of the volcanic arc in this 
region and the Gulf of Fonseca. Our analysis of 
10-m-resolution digital elevation models and 
reconnaissance structural data from this region 
reveals that normal faults oriented at a high 
angle to the trench accommodate active E-W 
elongation within the Fonseca pull-apart zone. 
Structural measurements and Lidar imagery 
from the superbly exposed Chirilagua fault in 
the step-over zone and 33 paleomagnetic sites 

from two transects of the fault footwall indi-
cate that E-W elongation and possibly book-
shelf faulting dominate the deformation within 
the fault step-over. Late left-lateral, oblique 
slip motion on the Chirilagua fault and clock-
wise rotation of the fault footwall are indica-
tions that a component of bookshelf faulting is 
associated with the fault step-over. The young 
ages of volcanic unit offset by normal faults in 
SE El Salvador demonstrate that trench-paral-
lel elongation of the forearc is ongoing.
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