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Abstract

The El Salvador Fault Zone, firstly identified after the 13th February 2001 Mw 6.6 El Salvador earthquake, is a 150 km long, 20 km wide
right-lateral strike-slip fault system. Ruptures along the ESFZ are thought to be responsible for most of the historical destructive earth-
quakes along the El Salvador Volcanic Arc, as well as for most of the current seismicity of the area. In this work, we focus on the geological
setting of the fault zone by describing its geomorphology and structure, using field-based observations, digital terrain modelling, and aerial
photograph interpretation with the aim at contributing to the understanding of the ESFZ slip behaviour. In particular, we address the ESFZ
structure, kinematics and evolution with time.

The ESFZ is a complex set of traces divided in major rupture segments characterized by different geometry, kinematics and geomorphic
expressions. Natural fault exposures and paleoseismic trenches excavated along the fault show that the strike-slip deformation is distributed
in several planes. Both geometry and kinematics of the fault zone are consistent with a transtensional strain regime.

The estimated geological slip rate for the main fault segments by paleoseismic trenches and displaced geomorphic features implies a
deficit in velocity of the fault compared to the available GPS velocities data. The high vertical scarps of some fault segments would require
Quaternary slip rates not coherent neither with measured GPS velocities nor with slip rates obtained from paleoseismic analysis. This mis-
match suggests a pre-existing graben structure that would be inherited from the previous regional roll back related extensional stage. We
consider that the ESFZ is using this relict structure to grow up along it. As a result, we propose a model for ESFZ development consistent
with all these observations.

Keywords: El Salvador Fault Zone, active strike-slip fault, 13 February 2001 earthquake, geomorphology, Volcanic arc

Resumen

La Zona de Falla de El Salvador (ZFES) es un sistema de falla de desgarre dextral de 150 km de longitud y 20 de anchura, que fue
identificada por primera vez después del terremoto de Mw 6.6 de El Salvador de febrero de 2001. La mayoria de la sismicidad y de los
terremotos historicos destructivos producidos en el arco volcanico salvadorefio han sido producidos por la ruptura de la ZFES. Este trabajo
se centra en el marco geologico de la zona de falla describiendo su geomorfologia y su estructura a través de observaciones de campo, del
estudio de los modelos digitales del terreno y de la interpretacion de las fotografias aéreas, con el objetivo de avanzar en el conocimiento
del comportamiento de la ZFES. En concreto trataremos del estudio de la estructura, la cinematica y la evolucion de la ZFES.

La ZFES es un complejo sistema de fallas divididas en varios segmentos que se diferencian en la geometria, la cinematica y la expresion
geomorfologica. En los afloramientos de la falla, asi como en las trincheras paleosismicas excavadas se ha observado que la deformacion
de desgarre esté distribuida en varios planos y tanto la geometria como la cinematica de la zona de falla indican que la ZFES esta bajo un
régimen de deformacion transtensional.
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La tasa de deformacion estimada para los principales segmentos a través del estudio paleosismico y del analisis de indicadores geomor-
fologicos desplazados nos muestra un déficit de velocidad para la falla si lo comparamos con los datos obtenidos por GPS. Estos datos
tampoco ayudan a explicar la existencia de grandes escarpes verticales que se observan en algunos segmentos de la falla, y que requeririan
tasas de deformacion muy elevadas. Esta discrepancia sugiere la existencia de una estructura de graben preexistente que puedo ser pro-
ducida por el “roll-back” de la placa y que cred una fase extensional en el arco volcanico. En este trabajo consideramos que la ZFES esta
actualmente desarrollandose sobre la estructura extensional relicta y como resultado proponemos un modelo estructural consistente con

estas observaciones.

Palabras clave: Zona de Falla de El Salvador, falla activa de desgarre, terremoto 13 Febrero 2001, geomorfologia, Arco Volcanico

1. Introduction

Large strike-slip faults are important structural features that
may accumulate displacements for tens or hundreds of kilo-
metres being capable of generating very large, devastating
earthquakes. The El Salvador Fault Zone (ESFZ) is one of
these features, extending along the El Salvador volcanic arc
(Fig 1) for about 150 km long as a right-lateral strike-slip
fault system, as wide as 20 km (Martinez-Diaz et al., 2004).
The ESFZ was firstly identified after the 13" February 2001
Mw 6.6 El Salvador earthquake that ruptures the 21 km long
San Vicente segment (Canora et al., 2010). Ruptures along
the ESFZ are responsible for most of the historical destruc-
tive earthquakes along the El Salvador Volcanic Arc, as well
as for of the current small to medium size earthquakes occur-
ring in the area (Canora et al., 2010).

To date, studies on the ESFZ have mainly addressed as-
pects of fault structure at a local scale (Corti et al., 2005),
tectonic modelling of the area (Alvarez-Gomez et al., 2008)
and current GPS velocities (DeMets, 2001 and Correa-Mora
et al., 2009). In this study, we analyse in detail the ESFZ geo-
morphology and structure by using field-based observations
and digital terrain model (DTM), aerial photographs and
Quickbird images interpretation. The scope is to assess the
ESFZ slip behaviour during individual earthquakes by better
defining both its structure and kinematics resulting from cu-
mulative slip events. Moreover, we investigate if the known
fault zone is accounting for all the deformation in the region
or if, on the contrary, there might be other active tectonic
structures in the area. We finally examine the significance of
our results for the overall development of the El Salvador
Volcanic Arc and the role of the ESFZ in the accommodation
of the regional tectonic strain. The results of this work are im-
portant to characterize the seismic sources and better define
the seismic hazard of El Salvador.

2. Geological and seismotectonic setting

The ESFZ is located along the northern sector of the
Central American Volcanic Arc. The arc runs parallel to
the Middle America trench from Guatemala to Costa Rica
and is associated with the subduction of the Cocos plate un-
der the Caribbean plate. The arc ends abruptly in the north
against the Polochic fault in Guatemala (Fig. 1), which

forms the western tip of the Motagua — Polochic — Swan
Island transform system on the boundary between the Car-
ibbean and North American plates. The interaction of the
North American, Caribbean and Cocos plates forms a dif-
fuse triple junction, distributing the tectonic strain over a
wide area (Guzman-Speziale et al., 1989; Guzman-Speziale
and Meneses-Rocha, 2000; Lyon-Caen ef al., 2006; Plafker,
1976).

The Cocos plate converges slightly obliquely towards the
Caribbean plate with a relative velocity of 70-85 mm/yr
(DeMets, 2001). The strike-slip movement along the ESFZ
has been used to propose different kinematic models. For
example, DeMets (2001) considers the NW displacement of
the forearc sliver between the Mesoamerican Trough and the
Central American volcanic arc as the result of strain partition-
ing along the margin. Margin parallel movement is accom-
modated by strike-slip regime along the volcanic arc (Fig.1).
Numerical and geodynamic models considering relative
movements of kinematic blocks around the Chortis Block
(bounded by the ESFZ to the SW) suggest that, most likely,
the strike-slip regime along the volcanic arc is driven by the
eastward drift of the Caribbean plate (Alvarez-Gomez et al.,
2008). This latter model is supported by recent GPS measure-
ments at 21 sites in El Salvador and southern Honduras. All
stations in the forearc move 14 + 2 mm/yr to the west-north-
west, parallel to the trench without any vertical displacement,
consistent with weak or no coupling of the subduction inter-
face (Correa-Mora et al., 2009), suggesting that stress parti-
tioning does not occur.

El Salvador region shows a very high seismic activity as-
sociated with two active tectonic systems: (1) the Middle
America Trench subduction zone, generating large magni-
tude earthquakes (Mw > 7); (2) the upper crustal volcanic arc
deformation zone, generating moderate to large magnitude
earthquakes (Mw < 7). Subduction interface ruptures at shal-
low-intermediate depths (< 200 km) tend to cause moderately
intense shaking across large parts of southern El Salvador.
The largest earthquakes in the area (1921, 1932, 1982 and
2001 A.D.) occurred in the subduction zone, and were char-
acterized by almost identical normal-slip mechanisms with
slip planes oriented N120°-130°E. The most recent exam-
ple of such an event is the Mw 7.7 earthquake of 13 January
2001, which produced MMI VII at San Salvador city (Bom-
mer et al., 2002).
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Fig. 1.- Tectonic setting of northern Central
America. a) Tectonic plates, major crustal
blocks and faults. Arrows show relative
displacements with fixed Caribbean plate
(DeMets, 2001). Abbreviations are: PF,
Polochic fault; MF, Motagua fault; SIT,
Swan Island transform; SG, Sula graben;
IG, Ipala graben; HD, Honduras depres-
sion; GF, Guayape fault; ND, Nicaraguan
depression; HE, Hess escarpment. b) RA-
DAR SRTM image of El Salvador with
historically destructive earthquakes (white
circles) and instrumental epicenters (Ms
>2.5, period 1977-2001) from USGS-
NEIC catalogue (small dots). Smaller focal
mechanism symbols are for events of Mw
>5.5 (1977-2001, Harvard CMT database)
and large focal mechanism symbols are for
events of Mw >6.5 (from Bufforn et al.,
2001). ESFZ: El Salvador fault zone. White
dashed line shows the El Salvador border.

The shallow crustal earthquakes (depths < 20 km) along
the Quaternary volcanic chain (e.g., Dewey et al., 2004),
accommodate trench-parallel strike-slip motion (White
et al., 1987) and have been considered limited to smaller
magnitudes (Mw 5.5-6.8). The 11 destructive shallow crus-
tal earthquakes that took place in the twentieth century are
significantly aligned along the volcanic arc (Fig.1b). On 8
June 1917, a Ms 6.4 earthquake occurred 30-40 km west
of the San Salvador volcano, followed by a Ms 6.3 earth-
quake. On 28 April 1919, San Salvador was again damaged,
this time by a shallow earthquake of Ms 5.9, the epicentre
of which was situated at about the same location of a lat-
er earthquake that took place in 1986 (Mw 5.7). The latter
event originated on the volcanic arc and propagated along a
nearly vertical, north-northeast—striking plane (White et al.,
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1987). Four reliable focal mechanisms are available for the
more recent major events of 1951, 1965, 1986, and February
2001 (Martinez-Diaz et al., 2004). They are all strike-slip
events, with one of the nodal planes oriented nearly east-
west, parallel to the volcanic arc. The Mw 6.6 event of 13
February 2001 is the most recent example of a volcanic arc
earthquake of this type (Bommer et al., 2002). Recent pale-
oseismic studies suggest that the ESFZ may be capable of
generating large magnitude earthquakes (Mw > 7.0) (Canora
et al., 2012). Due to their shorter recurrence intervals, shal-
low depths, and close proximity to population centres, upper
crustal earthquakes within the volcanic arc have produced
far greater destruction in El Salvador than the less frequent,
very large-magnitude earthquakes that originated in the sub-
duction zone (White and Harlow, 1993).
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Fig. 2.- Active fault traces and fault segments of the El Salvador Fault Zone over a ten- metre resolution Digital Terrain Model (DTM)
derived from 1:25.000 topographic map. Light grey traces are the active faults with larger displacements. Areas enclosed in rectangles

correspond to Figs. 3a, 6 and 7.

3. Structure and kinematics of the El Salvador Fault Zone

To date, only a few studies have analysed the tectonic
structure of the El Salvador Fault Zone (ESFZ) (Fig. 2). In
the following sections, an active fault map derived from the
analysis of geomorphic expression of deformation features,
resulting from cumulative long term fault movements (Sec-
tion 3.1) is presented. Then, both structural and kinematics
aspects identified in the field are reported (Section 3.2) and
the fault slip rates are estimated (Section 3.3). Finally, a GPS
data analysis is performed (Section 3.4) and the average fault
slip rate is estimated from displaced geomorphic features and
compared them with GPS velocities data (Section 3.5).

3.1. Fault trace geometry

We have produced a map of Late Quaternary fault traces
using aerial photos, a 10 meters resolution Digital Terrain
Model (DTM) derived from topographic maps at 1:25000
scale, and field observations (Fig.2). Active fault traces are
identified by showing clear surface offsets affecting Quater-
nary materials and/or the drainage system (Fig.1 repository
data).

The ESFZ appears as a complex network of traces (Fig.2),
and it is divided in various major rupture segments based
upon their different geometry, kinematics and geomorphic
expression (Canora et al., 2010). The segmentation is based
on detailed field observations conducted along the fault zone,
from the Ilopango Caldera to the Berlin volcano area (~70
km, Fig.2), and is coherent with the seismic series of Febru-
ary 2001 in terms of location, rupture limits and magnitude.

Figure 2 shows, from west to east, the five distinguished
segments. In the western segment, the fault zone is represent-
ed by numerous N120°E trending strands within a 20-40 km-
wide zone that merges towards the west into the Jalpatagua
Fault in Guatemala. This segment is a 40 km wide and 80 km
long fault zone and shows a graben-like structure, with the
active volcanoes located along the middle graben axis. In the
middle of this area, the active calderas and volcanoes occupy
the low topographic zones forming an elongated, NW-SE
trending basin bounded by NW-SE strike-slip faults with mi-
nor normal component. The faults bounding this depression
to the north have south-facing scarps, while the southeastern
faults have north-facing scarps (the Apaneca mountain front).
In this structure we can also identify many NNW-SSE and
NNE-SSW faults, which could be associated with the pres-
ence of the volcanoes. E-W and ENE trending pure strike-slip
faults cut through the Apaneca range and the depression.

The San Vicente, Lempa and Berlin segments (Fig.2) are
characterised by right-laterally stepped fault traces that form
a transtensional region. In this area, the fault can be easily
identified because the main fault traces have more continuity.
Those segments are a 20 km wide and 80 km long fault zone
comprising three different sets of faults: (1) NNW trending
normal faults with minor horizontal component; (2) NW
trending strike-slip faults with minor normal component; (3)
W-E trending pure strike-slip faults.

Right-lateral stepping of the main fault trace from the Ber-
lin area to the San Vicente area produces a pull-part structure
(Fig.3). Close to the Lempa River (Fig.3a), the right lateral
stepping of these strike-slip faults favours a local extensional
regime opening a narrow pull-apart basin (Lempa basin). The
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Lempa basin infill does not display significant geomorphic
fault scarps due to high sedimentation rates.

In figure 3, the Lempa basin fault network is compared
with a trantensional pull-apart analogue model proposed by
Wu et al. (2009). A good correlation is shown in terms of
fault distribution and kinematics. Thus, the geomorphology
and surface structures of the ESFZ in this area show the right-
lateral movement of the fault as well as the transtensional
component inside the pull-apart structure.

The San Miguel segment is a 60 km long area made up
of several small, left stepping, en-echelon NW trending
faults and small W-E fault traces that point out a principal
E-W displacement zone. In this segment no important verti-
cal displacements are documented, and there is no significant
change in elevation of the mountains on either side of the
fault. The aforementioned evidences are consistent with a
pure strike-slip kinematics of the fault.

The strike-slip deformation in this part of the ESFZ appears
to be transferred, to the south, to the Jucuaran Range. In this
area, we can distinguish two main fault sets displacing young
deposits and landforms: N-S normal faults, and WNW-ESE
oblique faults (normal faults with minor strike-slip compo-
nent). Those structures may indicate an extensional, or tran-
stensional, regime.

Figure 4 shows the active faults of the ESFZ superimposed
on the geological map in order to observe differences in the

faults surface expression with the age and type of materials.
The figure shows a higher number of faults in the oldest
materials, however, the length of these traces do not seem to
be related with the lithology.

3.2. Fault structure observations and kinematics at surface

Fault exposures have been analysed along the ESFZ to as-
sess their kinematics. Data were gathered from metric scale
outcrops located along road cuts and within quarries and
paleoseismic trenches excavated along the San Vicente seg-
ment (Canora ef al., 2012).

Data from paleoseismic trenches are consistent with strike-
slip deformation being distributed along many slip planes
over a width of 10 to 25 m and characterized by different atti-
tudes (Fig.4). Most of the slip planes probably merge together
at depth, resembling a branching upward structure common
in strike-slip fault zones (Price and Cosgrove, 1990).

Along the 28 km of the Lempa segment, strike-slip activ-
ity post-dates substantial vertical displacements. In fact, an
outcrop of the main fault located nearby the La Leona land-
slide, in the Panamerican Highway (Fig.3), the Quaternary
volcanic deposits result displaced by normal faults which, in
turn, are displaced by younger strike-slip faults (Fig.5).

In other 22 selected sites, structural analysis was carried
out on rocks of Miocene to Holocene ages (Figs. 6 and 7).

Active faults with dominant
horizontal component
Active faults with dominant
vertical component

Lempa River

T T
88°57'36"W 88°52'48"W

88°43'12"W

@ Figure 8a and b location
Figure 8c location
© LalLeona landslide

13°40'48"N

13°36'0"N

T
88°38'24'W 88°33'36"W

Fig. 3.- a) Active faults of the Lempa pull-apart basin over DTM. Grey lines are the active fault traces with dominant horizontal component and
black lines are the active faults with dominant vertical component. b) Transtensional pull-apart model taken from Wu ez al. (2009).
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Fig. 5.- Photograph of La
Leona site showing cross-
cut relations between
faults. The volcanic de-
posits are deformed first
by normal faults, and
then by young strike-slip
faults. The volcanic mate-
rials are also displaced by
surficial landslides.
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Slip plane orientations suggest that most of the faults are
secondary to the main E-W strike-slip zone and are coherent
with Riedel (R and R’) and Y planes (following the terminol-
ogy of Logan et al., 1979, and Tchalenko and Ambraseys,
1970). The structure along the ESFZ resemble the secondary
features observed in the experimental studies carried out by
Riedel (1929) and Tchalenko (1968), which commonly form
in cover sediments above a major strike-slip basement fault.
Striations on slip planes show dextral movement with mi-
nor normal component supporting a dominant transtensional
strain regime, with SHmax and SHmin oriented ~N160°E and
~N70°E respectively.

The most common metric-scale structures present along the
main fault zone are en echelon tension cracks, push-up ridges
and blocks (e.g. Fig.8a), shutter ridges (e.g. Fig.8b), small
fault scarps and highly fractured areas (e.g. Fig.8c). The ori-
entation of these structures is consistent with predominantly
right-lateral kinematics. An oblique component of displace-
ment can be revealed by en-echelon fault segments, with a
left-stepping pattern usually indicating right-lateral move-
ment. In some localities, the fault ruptures occurred either
as single or multiple linear tracks extending for several hun-
dreds of metres parallel to the overall fault trace as those who
were observed along the February 2001 El Salvador earth-
quake rupture (Canora et al., 2012).

4 .
Kilometers

3.3. Slip rate estimates

Using a digital terrain model, the likely total cumulative
displacement across the fault, as well as the ages of geologi-
cal formation and landscapes surfaces, are used to calculate
the fault slip rate. Three fault displacement datasets, which
represent shorter to longer time frames are considered; 1)
displacements measured from detailed logging of fault expo-
sures in paleoseismic trenches, which represent the accumu-
lated displacement of a few coseismic displacements during
the last 10,000 years; 2) offsets of rivers and streams crossing
the fault, which provide evidences of accumulated displace-
ments around 40 + 5 ka and; 3) offsets on large geologic fea-
tures as volcanic calderas or ridges, which give insights on
long term horizontal and vertical displacements (> 1 Ma).

Slip rate estimates from paleoseismic trenches were ac-
quired along the San Vicente segment of ESFZ where we
have the best geomorphic expression of the fault scarp. Along
other segments, the fault scarp is difficult to identify because
of the occurrence of a pervasive vegetation cover. Data from
paleoseismic trenches (presented on Canora et al., 2012), are
consistent with a dextral strike-slip rate with an average value
of about 4.1 + 0.7 mm/yr for the last 5.5 ka (Table 1).

River offsets by the fault are difficult to identify along the
ESFZ with the available DEMs and remote sensing images

® & = &

Site 9 Site 10 Site 11 Site 12

Site 5 i Site 7 Site 8

Site 13 Site 14 Site 15 Site 16

Fig. 6.- Stereographic representation and rose diagrams of the fault data collected along the San Vicente segment of the ESFZ.
Numbers indicate location of the fault analysis stations. Base map is the ten-metre resolution DTM.
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Source Time Slip-rate
Trenches
+ mm/
(Canora et al., 2012) 33 ka 4.1£0.7 mm/yr
River Off:;:itlsl é;ohls study) 36 ka 5.5+ 0.5 mm/yr
+
Desague 40 ka 5+ 0.5 mm/yr
Large Structures Offsets
(This study) c.1 Ma 3-5.3 £ 0.5 mm/yr
GPS velocities Interseismic 10 mm/
(Alvarado ef al., 2011) data r

Table 1.- Minimum dextral-slip displacement rates (mm/yr) on the
central-east section of El Salvador Fault Zone.

(Quickbird). The clearest offset was described by Corti et
al. (2005) at the El Triunfo area (13°33°36”N, 88°27°0”W)
where, according to these authors, a stream shows horizontal
displacement of ~ 400 m. Our measurement of the stream
offset with the LaDiCaoz software (Zielke and Arrowsmith,
2012), however, shows a horizontal slip of ~200 + 20 m
(Fig.9). According to Corti et al., 2005, the age of the drain-
age system is younger than 36 ka. Using that age, our calcu-
lated minimum slip rate along the fault yield values of 5.5 +
0.5 mm/yr (compared to 11 mm/yr of Corti et al., 2005).

0o 1 2 4
s Kilometers

-88.7° -88.65° -88.6°

Site 17 Site 18 Site 19

Another river offset along the ESFZ was described by Cano-
ra et al. (2012), at Desague area. The regional landscape and
drainage system in this area is repeatedly reset by ignimbrite
eruptions from the nearby Ilopango caldera. In particular, the
Tierra Blanca 3 eruption and associated ignimbrite body of
40 ka (Rose et al., 1999) filled the landscape and brought it
to an almost planar surface, which was subsequently incised
by the fluvial system. In the Desague area (Fig.10), the ESFZ
is made up of three parallel strands, two of them show a 200
+ 20 m right-lateral offset (calculated with LaDiCaoz) affect-
ing several fluvial channels. This lateral displacement, and
the maximum c. 40 ka age of the drainage system, provides a
minimum slip rate of 5 = 0.5 mm/yr.

For long term displacements, we analysed the geometry
of large geological formations. We have measured the dis-
placement of two old calderas along the ESFZ, whose ages
are defined from the age of the younger deposits related to
the caldera collapses. Figure 11a shows La Carbonera Cal-
dera (Rotolo and Castorina, 1998), to the south of the main
fault trace, and the possible continuation of the fault zone to
the northeast with the presence of a large scarp on Miocene-
Pliocene Balsamo Formation materials. We measure an offset
of La Carbonera Caldera (Fig.11a) of 9 +1 km for the last
1.7 Ma (Rotolo and Castorina, 1998), which lead us a slip
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N N
Site 20 Site 21 Site 22

Fig. 7.- Stereographic representation (lower hemisphere) and rose diagram of the fault data collected along the Lempa segment of the
ESFZ. Numbers indicate location of the fault analysis stations. Base map is the ten-metre resolution DTM.
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Fig. 8.- Examples of structures related with the movement ot ESFZ. a) Photograph ot a push up structure typical of strike-slip taults 1n a paleo-

seismic trench located along the San Vicente segment. b) Shutter ridge produced by the displacement of the fault with time. The fault plane
runs at the base of the structure where a paleoseismic trench is located. ¢) Outcrop along the ESFZ with a high fault complexity and forming

a positive relief limited by two main fault planes at the extremes.
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Fig. 9.- Right-lateral horizontal offset of the main rivers in El Triunfo area. The restoration of the geometry of the drainage system has been
obtained with LaDiCaoz software by correlating river channels across the ESFZ. a) Location of the river offsets. b) Elevation plot of the river
offsets. ¢) Hillshade and slope plot of the study area. d) Restored river offset. The best fit between the downstream and upstream channels is

obtained for a lateral displacement of ¢. 200 m.
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rate of ¢. 5.3 + 0.5 mm/yr. To the east, on Berlin segment,
another caldera (Fig.11b) presents an offset of around 3 = 0.5
km within the Cuscatlan Formation, dated at one million year
from geological mapping (Bosse et al., 1978). This yields a
slip rate of 3 + 0.5 mm/yr. This second structure does not
seem to be affected by significant changes in elevation, so we
consider that the vertical component of the fault was low for
the Berlin segment.

3.4. GPS analysis

In order to understand how deformation is accommodated
within the ESFZ, we analyzed the Alvarado et al. (2011) GPS
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Fig. 10.- Right-lateral horizontal offset of
the main rivers in Desague area. The res-
toration of the geometry of the drainage
system has been obtained with LaDiCaoz
software by correlating river channels
across the two traces of the ESFZ. a) Lo-
cation of the river offsets and fault traces.
b) Restored river offset of the north trace.
The best fit between the downstream and
upstream channels is obtained for a lat-
eral displacement of c. 80 m. c) Restored
river offset of the south trace. The best fit
between the downstream and upstream
channels is obtained for a lateral displace-
ment of c. 120 m. d) Elevation plot over
the hillshade with the restored river offset.
e) Oblique surface hillshade with the re-
stored river offsets.
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velocities (Fig.12). We have made a velocities projection
along three profiles perpendicular to the ESFZ, assuming that
the normal component to the profile represents the strike-
slip velocity of the fault zone. The fault-parallel velocities
along the profile A (Fig.13) shows a deformation of ~12 mm/
yr accommodated over 60 km, mostly absorbed between
Guaycume (GF) and El Limon (ELF) faults. These faults are
probably the northern and southern boundaries respectively
of the central graben of El Salvador. Along the central pro-
file B (Fig.13) we can observe a deformation rate of ~11.5
mm/yr, most of it, ~10 mm/yr, could be accumulated around
San Vicente (SVF) and Apastepeque (AF) faults. However,
we are not confidence enough about the information from
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the BT10 station and we consider that more data would be
needed along this profile to achieve better conclusions. The
profile C (Fig.13) shows a wide deformation area with a rate
of ~6 mm/yr, mostly accommodated in the southern part of
the profile. It is possible that the deformation of ESFZ is
distributed southeastward in this area by normal faults. The
deformation rate in this profile is lower than that obtained in
the previous profiles, which is consistent with the transmis-
sion of the deformation to the south of the Intipuca range.
In addition, we calculated the velocity gradient tensor
(Malvern, 1969) from the horizontal velocity field from Al-
varado et al. (2011) GPS velocities, and we have made a tri-
angular network using each site velocity, where the triangles
are optimally close to equilateral with a Delaunay triangula-
tion (Watson, 1982). Then the velocity gradient is used to
obtain an average strain and rotation rates within the net-
work. The strain rates calculated from the horizontal veloc-
ity field are shown in terms of their principal axes in figure
14. Figure 15 shows the antisymmetric part of the velocity

gradient tensor, the average rate of rotation around a verti-
cal axis. Both figures are very consistent with a transtensive
regime for ESFZ. The higher extensional component coin-
cides with the Lempa pull-apart basin, and, as is shown in
figure 15, the highest rotations take place in the same area.

3.5. Slip rate and GPS velocities

The long term (geological offsets), medium term (river
offsets) and short term (paleoseismic analysis) slip rates es-
timated for the central part of the ESFZ (San Vicente and
Berlin segments) give an average value of 4.475 + 0.55 mm/
yr (Table 1). If we compare this result with the recently GPS
velocities data (Alvarado ef al., 2011) on this part of the fault
(Fig.12), we can observe a slip rate deficit of around 5 mm/yr.
This deficit could be explained by alternative reasons: 1) the
deformation is highly distributed in several main fault planes
and several secondary faults within a broad band (or fault
zone) and our values only account for part of the deformation
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2) our geological values are not complete due to extensive
resetting of the landscape during the recent volcanic erup-
tions which produced thick ignimbrites and air fall depos-
its (Cuscatlan Formation, Tierra Blanca 3, Berlin Ignimbrite
and Tierra Blanca Joven among others) and; 3) our geologi-
cal values are not complete because tectonic landform can
be reset by high erosion rates due the strong soil weathering
within the tropical region and/or the erodible nature of the
volcanic deposits; Ongoing measurements on a denser GPS
network (ZFESNET) around the fault zone (Staller et al.,
2008) will provide more precise velocity data that may help
explain the slip rate deficit.

4. Discussion

We propose that the ESFZ is a poorly developed strike-slip
fault zone within a transtensional regime over a previous ex-
tensional structure. A recent study (Canora et al., 2012) sug-
gests that the strike-slip ESFZ could have developed along
a pre-existing graben structure, described by Carr (1976), on
the presence of opposite facing fault scarps to the north and
south of the active volcanoes. The fact that the faults affecting
older materials are not long and not linked to each other sug-

gests that the fault zone is rather young. Furthermore, the faults
surface expression in Quaternary sediments is not related to
the volcanic origin of these materials but with the evolution
of the fault zone. Our model is based on the results of detailed
analysis of fractures and faults attitude within the ESFZ, and
comparisons between the faults patterns existing in El Salva-
dor and those obtained by analogue and kinematic models.

Scaled analogue models have been successfully applied to
the analysis of the deformation patterns that are developed
in strike-slip regimes (Schreurs, 1994; McClay and Dooley,
1995; Schreurs and Colletta, 1998; Schreurs, 2003; Holohan
et al., 2008). The comparison of the results of this work with
those from experimental works can shed some light on the
level of structural development of the ESFZ. El Salvador is
widely covered by recent volcanic soft deposits from vol-
canic eruptions. The thickness of these deposits is very large
along the volcanic axis, mainly in the central and western part
of the fault, where rhyolitic volcanism is dominant. For ex-
ample, the last eruption of Ilopango Caldera, TBJ, launched a
total volume of 18 km? of dense rock equivalent (Hart, 1981,
1983). The shallow structure of the ESFZ is developed on
these young deposits, which overlay more rigid formations
(Balsamo formation; Rose et al., 1999).
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The absence of well-developed principal displacement
zones (Y planes) (Riedel, 1929 and Schreurs and Colleta,
1998) indicates that the ESFZ (at least in shallow levels) is
still in the first stages of its evolution. In pure strike-slip fault
analogue models (Fig.16b), the first formed features are the
synthetic Riedel shears (R) (Logan et al., 1979), which are
oriented between 23° and 35° to the applied shear direction
(Schreurs, 1994). In the ESFZ, the N120°E striking faults
represent the R shears. In the analogue models, almost simul-
taneously to R shear features, antithetic Riedel shears (R’)
appear, striking at 70-78° to the applied shear direction. In
the ESFZ, R’ shears are represented by N-S striking faults.
With progressive shearing, early faults remain active while
new faults form. Two types of secondary faulting develop,
usually between major overlapping R shears: (1) arrays of
evenly spaced, sinistral strike-slip faults striking at about 60°
(R’L) and dextral strike-slip faults striking at lower angles
(RL) that previously formed R shears. With increasing strain,
the angle between the strike of newly developed cross faults
and the shear direction diminishes. Cross faults usually ter-
minate at earlier formed master faults (Y planes, Fig.16c) and

Distance along the profile (km)

are poorly represented in the ESFZ, indicating that the fault
has not reached this level of maturity.

The ESFZ presents a fault pattern typical of strike-slip
faults developed under a transtensional regime. If we observe
the general geometry of the ESFZ (Fig.16a), the principal
displacement zone highlighted with thick black traces has
a concave to the north east shape, having an angle between
SHmax and the fault trend about 30°, which suggests a larger
extensional component in the western part of the ESFZ and
the development of WNW-ESE and NW-SE normal faults and
tectonic depressions where the active volcanism is located.

In transtensional distributed strike-slip shear analogue
models (Schreurs and Colletta, 1998), the strike of shallow
faults is slightly different from that of early strike-slip faults
at depth (Fig.16¢). Antithetic, sinestral strike-slip faults de-
velop in between the major dextral strike-slip fault zones.
The strike of the newly developed antithetic faults in shallow
levels rotates with increasing deformation: the orientation of
the main compressive stress axis rotates counter clockwise
toward the strike of the early formed synthetic strike-slip
faults (Schreurs, 1994). With continuing deformation, normal
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Fig. 16.- a) Preferred kinematic model a
for EL Salvador. Large displace-
ment faults are shown in black lines.
The coloured grey area represents
the depressed zone. The names as-
sociated with the faults (R, R’, Y,
T and P) refer to the Riedel (1929)
shear terminology. b) Results from
a pure strike-slip sandbox model
with the formation of different
types of faults (Schreurs, 1994). c)
Results from a transtensional strike-
slip sandbox model (Schreurs and
Colleta, 1998).

faults, develop between and parallel to earlier, form major
synthetic strike-slip faults. Normal faults dip at angles be-
tween 60° and 70°, and have no or only limited horizontal
offset. Their development implies local changes in the orien-
tation of the maximum principal stress axis from horizontal
(strike-slip faulting) to vertical (normal faulting).

Especially interesting are the cross cutting relationships
among the different fault sets around the Lempa basin. In fig-
ure 3a we can observe the Riedel faults intersecting previous
extensional faults around the Lempa basin, generated by the
transtensional strain regime. This indicates that the fault is
evolving and that with increasing deformation the WNW-
ESE Riedel faults are increasingly developed. According to
the aforementioned analogous models, as the deformation
progresses, the Riedel faults will connect with the E-W di-
rection Y planes, resulting in a more continuous fault zone. If
so, this features indicates an incipient phase of development
in the ESFZ.

However, some of the fault characteristics displayed by the
ESFZ are difficult to explain as a consequence of transten-
sional deformation. For example, the large scarp (80 metres
high) bounding the northern border of the Lempa basin and
the scarp of the San Vicente segment, north of the San Vicente
volcano, are too high to be created just as a component of the
transtensional strike-slip movement. Formation of large ver-
tical scarps due to normal faulting would require very large
Quaternary slip, not coherent with neither measured GPS
velocities nor slip rates obtained from paleoseismic analy-

sis (Correa-Mora et al., 2009; Alvarado et al., 2011; Canora
et al., 2012). A plausible explanation for these large vertical
scarps and the presence of the longitudinal depression named
“Median trough of El Salvador” (Williams and Meyer-Abich,
1955; Carr, 1976), is that the tectonic regime prior to the cur-
rent transtension was purely extensional and a graben struc-
ture was present in the area. We propose that this region of El
Salvador underwent a similar geodynamic evolution to that
of the Nicaragua graben. Weinberg (1992) proposed that the
present-day deformation affecting the Nicaraguan depression
is controlled by a right-lateral transtensional regime local-
ized along the volcanic front and it is superimposed to the
previous rift. During the Pliocene, Nicaragua area suffered a
northeast-southwest extension which produced the opening
of the Nicaraguan depression (Weinberg, 1992). According
to Schellart (2005), decreased plate velocities or convergence
rates would induce slab rollback, with subduction retreat in a
seaward direction, that in turn produces backarc or intra-arc
extension in the overriding plate, and generated trench par-
allel normal faults trending N 130° E. Current deformation
occurs in multiple active fault families trending both paral-
lel and transverse to the trend of the depression. El Salvador
could have underwent a similar regional extensional phase, in
that period, but at lower extensional rates producing smaller
and discontinuous graben structures along the volcanic arc
(Burkart and Self, 1985). Some of those old features have be-
ing captured by newly formed parallel strike-slip faults dur-
ing the development of ESFZ.
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Funk et al. (2009) proposed that ESFZ is a major right-
lateral strike-slip fault that accommodates large-scale, north-
westward displacement of the Central America forearc sliver.
In that study, extension becomes localized at fault stepovers.
Deviations in the right-lateral ESFZ produce either pull-apart
or restraining bends with large volcanoes preferentially local-
izing within pull-apart basins. We agree that, in El Salvador,
some pull-apart basins exist, but we believe that such struc-
tures are due to the transtensional regime related to the rela-
tive eastward motion of the Caribbean plate, as well as to the
concave shape of the El Salvador Fault Zone.

The development model for ESFZ formation that we pro-
pose from the structural analysis and the regional tectonic
evolution described above is shown at figure 17. The right-
lateral transtensional regime proposed by Weinberg (1992)
for the region is the accepted tectonic model for El Salvador.
The absence of a significant trench-normal component of sta-
tion motion in the velocities of GPS sites in Nicaragua and El
Salvador imply weak or no coupling across the Cocos plate
subduction interface (Caceres et al., 2005; Guzman-Speziale,
2001; Lyon-Caen et al., 2006). The dextral strike-slip move-
ment in El Salvador is caused by the Caribbean drift forces
that produce the relative displacement of the Chortis Block
to the east, owing to the required low coupling of the sub-
ducted plate (Caceres et al., 2005; Guzman-Speziale et al.,
2005; Alvarez-Gomez et al., 2008; Correa-Mora et al., 2009;
Franco et al., 2012). The complexity of the ESFZ structure
and the kinematics variations along strike is associated with

r— ESFZ Segments

’ Relative movement of the Chortis block

@ Roll back driven extension

the incipient character of the shallow fault zone structure and
the lateral variation of the angle between the principal dis-
placement zone and the Caribbean drift forces (transtension).
In our model (Fig.17) we have a first phase of extension with
the formation of normal faults with large vertical displace-
ments. Subsequently transtensive stage begin and dextral
strike-slip faults start to develop, using previously formed
normal fault planes, and also Riedel and normal faults ap-
peared. As deformation progresses some pull-apart basins
bounded by strike-slip faults and normal faults new arise.
Finally, in what would be the current situation, strike-slip
faults are increasingly developing forming a more continu-
ous fault zone.

Based on the proposed model, the structure at the south
eastern area of El Salvador would fit with an extension zone.
This feature cannot absorb all the strike-slip motion that ex-
ists in the area because of the forearc sliver relative move-
ment toward the northwest (as we can see from the GPS data,
figure 12) and this result in a depressed area with the forma-
tion of penetrative north-south normal faults.

5. Conclusions

The ESFZ is a poorly developed strike-slip fault zone
formed within a transtensional regime and imposed over a
previous extensional structure. At surface, the fault appears
as a complex network of traces related to major rupture seg-
ments with various geometries, kinematics and geomorphic
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expressions. In the west segment, the ESFZ shows a graben-
like structure. Active volcanisms occupy the lower altitude
regions on this structure, which are bounded by NW-SE
strike-slip faults with minor normal component of slip.

Right-lateral steps of the main fault trace in the central area
of the ESFZ (San Vicente - Berlin area) produce a pull-apart
structure, the Lempa basin. We propose that this structure is
enclosed in a larger releasing bend that can comprise other
small basins.

The strike-slip deformation in the eastern part of the ESFZ
(San Miguel segment) seems to be transferred to the south.
The presence of N-S penetrative normal faults and WNW-
ESE oblique (normal faults with strike-slip component) faults
indicates an extensional or transtensional regime in this area
that could be part of the ESFZ. A specific study is required
to determine the relationship between ESFZ and the faults
structure and kinematic in this area.

From natural fault exposures and paleoseismic trenches ex-
cavated along the San Vicente segment we documented that
the strike-slip deformation is distributed in several planes that
converge at depth probably in one main fault. The angular
relationships between these faults and the geometry of the
fault zone are typical of a strike-slip fault developed under a
transtensional regime.

The concave shape of the ESFZ may enhance a larger
extensional component in the western part of the fault. The
large vertical scarps documented along the ESFZ suggest
the presence of a pre-existing graben structure because they
would require Quaternary slip rates not coherent with nei-
ther measured GPS velocities, nor slip rates obtained from
paleoseismic analysis. We envision that these structures were
inherited from a previous regional roll back related to an ex-
tensional stage. The traditionally named “Median trough of
El Salvador” is the relict of a Pliocene extensional structure
that was then used by the ESFZ to grow up along it.

The estimated slip rate for the main fault planes of ESFZ
is 4.475 + 0.55 mm/yr as a minimum, and implies a deficit in
the velocity of the fault compared to the available GPS ve-
locities data. The missing deformation can be associated with
faults outside of the study area. Further analyses are required
to locate those faults and determined the earthquake hazard.

Understanding the distribution of deformation and loca-
tion and activity rate of faults is essential to implement ap-
propriate land use planning and seismic resistant design, and
efficient emergency management in a country with a rapid
population expansion and with steep topography and major
landslide susceptibility, exacerbated by deforestation.
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