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Wehave used hypsometric analysis to improve our understanding of the current tectonic deformation and struc-
ture of El Salvador Fault Zone; a N90°E oriented strike-slip fault zone that extends 150 km through El Salvador,
Central America. Our results indicate an important amount of transtensive strain along this fault zone, providing
new data to understand the tectonic evolution of the Salvadorian volcanic arc. We have defined kilometric scale
tectonic blocks and its relative vertical movements, length of segments with homogeneous vertical motions and
lateral relay of active structures. We have identified and quantified slip-rate variations along-strike of the El
Triunfo fault within El Salvador Fault Zone, ranging from 4.6 mm/year in its central parts to 1 mm/year towards
the tips of the fault. This study supports the hypothesis of a recent rotation in themaximum shortening direction,
and the accommodation of the current deformation through the reactivation of pre-existing structures inherited
from a previous tectonic regime.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

El Salvador is located in northern Central America, in the western
margin of the Caribbean plate. Crossing El Salvador with a N90°E direc-
tion, there is a 150 km long right lateral strike-slip fault zone first de-
scribed by Martínez-Díaz et al. (2004) and named as El Salvador Fault
Zone. The southern area of the country is part of the forearc sliver of
the Caribbean plate, while the northern part of this country belongs to
the Chortís Block (Fig. 1A), a continental block composed by a Paleozoic
basement, mesozoicmarine sediments and volcanic material associated
to the Cocos plate subduction beneath this block (Rogers et al., 2002).

The neotectonic evolution of the Chortís Block region has been
studied by many authors at different scales and using several tools.
At a regional scale, it has been studied usingGPS data, numericalmodel-
ing and through seismotectonics and seismologic analysis (i.e.
Álvarez-Gómez et al., 2008; Cáceres et al., 2005; Correa-Mora et al.,
2009; DeMets et al., 2007; Franco et al., 2012; Guzmán-Speziale,
2001). At a local scale, faulting and tectonics in the Central America
Volcanic Arc have been studied through paleoseismology and tectonic
geomorphology (Canora et al., 2012; Corti et al., 2005; Ruano et al.,
2008). All of these authors conclude the existence of a transtensive re-
gime in the western boundary of the Chortís Block. The transtensive
lógicas (Geodinámica), C/José
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regime along the volcanic arc is driven by the relative eastward drift
of the Caribbean plate relative to the North America plate, being the
forearc sliver pinned to the North American plate (Álvarez-Gómez
et al., 2008). Also, it is important to highlight that there is an important
change in scale between the studies done on the Chortís Block at a re-
gional scale and the detailed studies carried out in different segments
of the ESFZ. This makes it difficult to compare local observations with
the regional morphotectonic features in the area.

For these reasonswe consider it necessary to tackle this problem de-
veloping an intermediate scale study in order to improve our under-
standing of the ESFZ, its tectonic behavior and hazard implications.
The transtensive regime may be reflected in local tectonic and geo-
morphological evidences and in the structural and geomorphological
characteristics of the ESFZ (Fig. 1B). The analysis of the recent morpho-
tectonics along this fault zone using geomorphological indexes can be
useful to address these aspects.

The study of the recent topographic development and theuse of geo-
morphological indexes are adequate tools for the quantification of the
active tectonics (Burbank and Anderson, 2001; Keller and Pinter,
2002). At Central America the studies developed using geomorphologi-
cal indexes are scarce (i.e. Álvarez-Gómez, 2009; Hare and Gardner,
1985; Morell et al., 2012). Previous studies describe a transtensive tec-
tonic regime at the Central America Volcanic Arc in El Salvador
(Fig. 1A), which induces relative vertical motions on the faults within
El Salvador Fault Zone (i.e. Álvarez-Gómez et al., 2008; Cáceres et al.,
2005; Canora et al., in press). We have mainly utilize hypsometry
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Fig. 1. A: Tectonic setting of northern Central America. Red arrows show relative displacements and its magnitude. Orange triangles show volcanoes from Central America Volcanic Arc.
Area enclosed in rectangle is Fig. 1B. Abbreviations are: SIT: Swan Island Transform; MF: Motagua Fault; PF: Polochic Fault; ND: Nicaraguan Depression; HE: Hess scarp; CAVA: Central
America Volcanic Arc. B: SRTM image of El Salvador. Black lines are main and secondary active faults, after Canora et al. (2012).
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(Strahler, 1952), because the possible dip-slip component in the faults
forming ESFZ should be reflected on this index. The relative vertical
movements associated to these faults may create differences in the
evolution of the adjacent basins. The measuring of the area–altitude re-
lationships of the basins could reflect the relative motions of the hang-
ing and foot walls of the faults (Keller and Pinter, 2002). Up to know,
studies in active tectonics in El Salvador have been focused on the
strike-slip motion of the ESFZ (i.e. Corti et al., 2005; Martinez-Díaz
et al., 2004), but there are no studies focused on the relative verticalmo-
tion related to these faults.

In this work we define kilometric scale tectonic blocks and its rela-
tive movements to constrain the recent strain distribution along the
ESFZ, the length of segments with homogeneous vertical movements
and the lateral relay of active structures. The results of this study sup-
port the hypothesis of a recent rotation in themaximum shortening di-
rection, and the accommodation of the current deformation along
structures formed in a previous tectonic frame. A similar tectonic evolu-
tion in Nicaragua as described by Weinberg (1992) is interpreted from
the results of this work of El Salvador.
2. Tectonic setting

El Salvador is located in the western margin of the Chortís Block,
where a volcanic arc is present (Central America Volcanic Arc), extend-
ing from northern Costa Rica to Guatemala. The Central America Volca-
nic Arc (CAVA) ends abruptly at the Polochic Fault in Guatemala
(Fig. 1A). The volcanic arc has been divided into three main zones ac-
cording to its orientation, the style of its structures and geomorphology
(Álvarez-Gómez, 2009). From south to north themain structureswithin
the Central America Volcanic Arc are: The Nicaraguan Depression,
from Northern Costa Rica to the eastern Gulf of Fonseca (McBirney
and Williams, 1965; van Wik de Vries, 1993), the El Salvador Fault
Zone, from western Gulf of Fonseca to approximately El Salvador–
Guatemala border (Martínez-Díaz et al., 2004) and the Jalpatagua
Fault in Guatemala (Carr, 1976).

The northern boundary of the Chortís block is the Motagua–
Polochic–Swan Island transform fault (North boundary of the Caribbean
plate), a fault zone with pure left lateral strike-slip motion. The interac-
tion between the Caribbean, North America and Cocos plates results in a
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diffuse triple junction at Guatemala, where the deformation is distribut-
ed in a broad area (i.e. Authemayou et al., 2011; Guzman-Speziale and
Meneses-Rocha, 2000; Guzmán-Speziale et al., 1989; Lyon-Caen et al.,
2006; Plafker, 1976). According to Lyon-Caen et al. (2006) and
DeMets et al. (2010), the convergence between Cocos and Caribbean
plates has a N40ºE trend and a velocity rate of 70–80 mm/year, and
the Caribbean plate has a velocity rate of 20 mm/year eastward relative
to the North-America plate (Fig. 1A).

The El Salvador Fault Zone is a 150 km long and 20 km wide defor-
mation band within the Salvadorian volcanic arc in the CAVA (Fig. 1B)
(Martinez-Díaz et al., 2004). This deformation band is composed of
main strike-slip faults trending N90°-100°E, and secondary normal
faults trending between N120ºE and N170ºE. The ESFZ continues west-
ward connectingwith the Jalpatagua Fault. Eastward ESFZ becomes less
clear, disappearing at the Gulf of Fonseca (Fig. 1B).

The ESFZ deforms and offsets Quaternary deposits with a right later-
al displacement in its main segments and clearly affects the geomor-
phology and relief (Fig. 2A) (Corti et al., 2005; Martinez-Díaz et al.,
2004). The ESFZ offsets Quaternary ignimbrites and pyroclastic flows
of Tierra Blanca Joven and Cuscatlán Formations (Fig. 2B). Horizontal
offsets up to 200 m of Holocene deposits and drainage network have
been described by Corti et al. (2005) and Canora et al. (2012).

Five segments have been proposed for thewhole fault zone, from the
Jalpatagua Fault to the Gulf of Fonseca (Canora et al., 2010). From west
to east these segments are: Western segment, San Vicente Segment,
Lempa Segment, Berlin Segment and San Miguel Segment (Fig. 1B).
Here we renamed the Lempa Segment as Lempa Inter-Segment,
because this is an area of distributed deformation with normal and
strike-slip faults connecting two well constrained deformation zones
(San Vicente and Berlin segments).

This study is focused on the SanVicente, Lempa andBerlin segments,
and specifically on its interactions (Fig. 2A). The main faults of the seg-
ments are: The San Vicente fault in the San Vicente Segment; El Triunfo
fault in the Berlin Segment and Lempa fault in the Lempa inter-segment.
The studied area has a very clear geomorphological expression of the re-
cent fault activity. The Lempa inter-segment, located between San
Vicente and Berlin segments, is especially interesting because the defor-
mation is distributed in a large set of N120°-170°E trending normal
faults that seem to connect both segments; potentially increasing the
maximum rupture length capability of the ESFZ and the seismic hazard,
as stated in Canora et al. (2012). Seismotectonic and paleoseismological
data reveal a large seismic potential in ESFZ, in fact the San Vicente seg-
ment has been the source of the February 13th, 2001 earthquake
(Canora et al., 2010, 2012;Martínez-Díaz et al., 2004). In the Berlin Seg-
ment the data are scarcer, only Corti et al. (2005) presented a detailed
analysis of the activity of this segment based on the mapping of the
fluvial network and ignimbrites affected by the recent fault activity.
They concluded that ESFZ has a slip rate of ~11 mm/year from the late
Pleistocene–Holocene strike-slip motion of the fault.
3. Regional morphometric analysis

In order to extract information about the fault interactions and
the lateral distribution of the vertical displacements along the faults
within the ESFZ, we have carried out a morphometric analysis using to-
pographic data. This analysis includes the calculation of geomorpholog-
ical indexes such as hypsometric curves, hypsometric integral and the
analysis of the basins' orientations.

The whole study is developed from a 10m resolution Digital Terrain
Model (DTM), supplied by the MARN (Ministerio de Medio Ambiente y
Recursos Naturales de El Salvador) obtained from the digitalization
of 1:25,000 topographical maps. We used Geographical Information
System free software tools (GRASS, GDAL and Qgis), as well as scripts
in Bash environment using AWK and GMT (Wessel and Smith, 1991)
for data processing and graphic representation.
3.1. The hypsometric curve and the hypsometric integral

The hypsometric curve describes the elevation distribution of the re-
lief in a specific area, in a scale which may range from a basin to the
whole planet (Keller and Pinter, 2002). It represents the area distribu-
tion existing above a determined elevation range related to the
total area (Strahler, 1952). It is usual to represent the area (a) and eleva-
tion (h) normalized to one (i.e.: Cheng et al., 2012; Keller and Pinter,
2002; Perez-Peña et al., 2010; Walcott and Summerfield, 2008), which
allows an easy comparison between different hypsometric curves in a
specific study. The shape of the hypsometric curves may give us infor-
mation about the relative evolution stage of the fluvial basin develop-
ment. Thereby, a convex hypsometric curve indicates a “youthful”
stage of the basin; S shape hypsometric curve indicates an intermediate
stage of the evolution (an area moderately eroded); and concave
curves indicate “old-mature” basins (Keller and Pinter, 2002). Hypso-
metric integrals values (Hi) have also been calculated. Hi is defined as
the area under the hypsometric curve, which is equivalent to the equa-
tion of Pike and Wilson (1971): Hi = (mean elevation − minimum
elevation)/(maximum elevation − minimum elevation). Therefore,
values of Hi near 1 mean “youthful” stage of the basin and values of Hi

near 0 mean “old-mature” stage of the basins.
Strahler (1952) applies the hypsometric analysis to drainage basins

and the manner in which the mass is distributed within it. He related
the area–altitude relationship with the stage of the cycle of erosion. In
some cases it is possible to relate the stage of the cycle with the tectonic
activity. It is because the cycle of erosion could be interrupted by an up-
lift episode and rejuvenates the drainage basin (Keller and Pinter, 2002).
Hence, the raised areas are in the early stages of erosion (concave hypso-
metric curves and Hi values near 1), and the sunk areas in mature-old
stages of the cycle (convex hypsometric curves and Hi values near 0).

According to Strahler (1952), the hypsometric curve is independent
of the basin size. On the other hand, Cheng et al. (2012) concluded that
variations could exist for the steady-state topography in result of the
hypsometric analysis related to the basin order and size. To avoid
scale problems, each analysis has been made using areas of similar
size. In order to identify the basins in an objectiveway and at a homoge-
neous scale, we have used GRASS basin identification tools on the DTM
10 m resolution.

3.2. Hypsometric integral mapping

Following the criteria described above a hypsometric integral value
map has been done (Fig. 2C). To make this map, we carried out a topo-
graphic analysis following the equation of Pike andWilson (1971). This
map has been done cutting the DTMwith amovingwindow of constant
area. We calculated the Hi value in each cell, providing xyz values for
each calculation (Longitude, Latitude and Hi). We have used a cell area
of 0.02 × 0.02° (approximately 2000 × 2000 m at latitude 13°) and a
window step of 0.004° (approximately 400 m).

In the Hi map (Fig. 2C), we have represented the hypsometric inte-
gral values (from 0 to 1). The results of the hypsometric integral follow
a normal distribution with the mean, mode and median close to each
other (0.429, 0.45 and 0.438 respectively). The graphic representation
has been done following a color code, where the red shades show the
values higher than the mode (N0.45) and the blue shades show the
values lower than the mode (b0.45). Hereby, it is possible to observe
gradients separating domains with different integral values.

To avoid possible erroneous interpretations due to potential gradi-
ents associated with lithological heterogeneities, we compare this map
with the geological map in Fig. 2B. We will discuss this below in detail.

3.3. Hypsometric zonification

In the map of Fig. 2C we observe patterns, analogies and differences
between different areas.Wehave distinguished several kilometric-scale
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Fig. 3.Main blocks and its hypsometric integral value (Hi) and hypsometric curves. Red lines are the main faults.
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blocks that present similar patterns in the Hi value distribution (Fig. 3).
Wehave calculated thehypsometric curve for each block to characterize
potential relative movements between them. We have defined nine
blocks, five of them are located in the inter-segment zone.

3.3.1. San Vicente blocks
We have defined two blocks in the western part of the study area. A

northern block (North San Vicente, number 1 in Fig. 2C), with predom-
inant high values of Hi, and a southern block (South San Vicente, num-
ber 2 in Fig. 2C), with lower values of Hi (Fig. 2C). Attending to the
geometry of the hypsometric curve for the whole blocks of the San
Vicente area (Fig. 3), we can see a significant difference between
both of them. The hypsometric curve of the North San Vicente block is
convex (Hi= 0.49),while the one in the South SanVicente block is con-
cave (Hi = 0.23) (Fig. 3).

3.3.2. Berlin blocks
There is a predominance of higher values of Hi to the north of the

El Triunfo Fault, therefore we have distinguished a block north of the
fault and another one to the south of the fault. The results of this block
show S-shaped hypsometric curves for both described blocks,with little
Fig. 2.A: Interpreted structures of the study area overlaid onto 10m resolution DTMderived from
integral map and histogram of the analysis results. SVF: San Vicente fault; LF: Lempa Fault; ETF
distinguished blocks: 1: North San Vicente; 2 South San Vicente; 3: El Tortuguero Extensional Sy
Lempa; 8: North Berlin; 9: South Berlin. Q marked anomaly explained in the text.
differences between them, having values of the Northern and Southern
blocks of 0.38 and 0.35 respectively (numbers 8 and 9 in Fig. 2C).
3.3.3. Lempa inter-segment blocks
In the Lempa inter-segment, the differences between Hi values are

not very well constrained (Fig. 2C). Nevertheless, we have identified
five blocks with different patterns of the values distribution in the
inter-segment area (Figs. 2C and 3). One of them is located in the north-
ern part: El Tortuguero extensional system (number 3 in Fig. 2C); two of
them are in the central part: Obrajuelo extensional system and Lempa
depression (numbers 4 and 5 in Fig. 2C); andfinally, two in the southern
part, separated by the Lempa river (numbers 6 and 7 in Fig. 2C): South
Obrajuelo and South Lempa.

The extensional systems of Obrajuelo and El Tortuguero are highly
fractured by secondary normal faults. Both areas have similar shapes
of the hypsometric curve and similar Hi values (Fig. 3).

El Tortuguero extensional system is lithologically homogeneous
(Mio-Pliocene lavas of Bálsamo Formation), and it is highly fractured
by N120°-150°E trending secondary normal faults, resulting in a horst
and graben structure, causing the collapse of the volcanoes bounding
to the north of the Lempa Depression (Fig. 3). The gradients of Hi values
1:25,000 topographicmap. B: Geologicalmap (Bosse et al., 1978). C. Shadedhypsometric
: El Triunfo Fault. Secondary faults interpreted by Canora et al. (2012). Rectangles are the
stem; 4: Obrajuelo extensional System; 5: LempaDepression; 6: South Obrajuelo; 7: South
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on themap are arranged along the N120°–150° direction corresponding
with the secondary normal faults trending (Fig. 2C).

Obrajuelo extensional system is composed of penetrative sets of
N180°E trending and N120°E normal faults that produce the collapse
of volcanoes, as in El Tortuguero extensional system. There is an anom-
aly (high values of Hi, markedwith a Q in Fig. 2C), which corresponds to
Plio-Quaternary deposits of Cuscatlan formation. The remaining area of
Obrajuelo Extensional System is lithologically homogeneous.

The Lempa depression zone presents themost concave hypsometric
curve and the lowest values of Hi, typical of the “old” and stable basins
(Strahler, 1952, Fig. 3). In the central part of the depression, there is a
positive gradient to higher values of Hi (Fig. 2C), which are bounded
on the north by a possible N90°E trending fault, with smooth geomor-
phological expression, affecting Quaternary deposits of Lempa fluvial
system (Fig. 4) and defined by Canora et al. (2012).

The blocks defined at the southern part of the inter-segment zone
(SouthObrajuelo and South Lempa Blocks, 6 and 7 in Fig. 2C) are bound-
ed by the contact betweenMio-Pliocene deposits of Balsamo Formation
andHolocene deposits of the Berlin volcanic complex. The pattern of the
distribution of Hi values is different between both blocks (Fig. 2C). These
blocks are the southern limit of the transtensional area and they are less
fractured than the ones defined before. The South Obrajuelo block pre-
sents a concave geometry of the hypsometric curve and it is composed
mainly by Mio-Pliocene deposits. The South Lempa blocks composed
of Holocene deposits of the Berlin volcanic complex also showa concave
hypsometric curve butwithmore predominance of higher altitudes that
represents an intermediate stage of the evolution of the topography
(Fig. 3).

4. Local morphometric analysis

Here we present the results of the local analysis carried out in the
drainage basins northward and southward of the main faults (San
Vicente, Lempa and El Triunfo Faults, Fig. 5 and Table 1) and combine
the results with the local variations identified in the Hi spatial distribu-
tion.We have carried out a detailed analysis with the aims of identifying
lateral variations of the vertical slip and individualize segments. We
have considered small drainage basins andwe calculated the hypsomet-
ric curve and integral of each one.

4.1. San Vicente fault

Attending to the geometry of the hypsometric curve for the individ-
ualized drainage basins of the surrounding areas of the San Vicente fault
Fig. 4. Lempa depression detail. The location of this figure corresponds to Lempa
(Fig. 5), we can see that most of the northern basins (red in Fig. 5) have
convex geometry; while most of southern basins (blue at Fig. 5) have
concave geometry. There are some basins that are not following this
pattern, these are those situated at the western part of the fault (basins
13 and 14 in Fig. 5, Table 1), near the Ilopango Caldera. This observation
will be discussed below.

4.2. El Triunfo and Lempa faults

A further detailed study has been done in the El Triunfo and Lempa
Faults. In these areas there are strong variations in the distribution of
the Hi values (Fig. 2C). In this area, topographical effects prior to the re-
cent tectonic activity could also be discarded (paleo-topography), be-
cause the topography has been blanked by the recent volcanic activity
of the Berlin volcanic complex. TheHi values northward of the El Triunfo
fault are higher than 0.6, while southward of the fault the values are
lower than 0.4. This is the highest difference along the ESFZ. These
facts make this area a good place to delve into the morphotectonic
study.

The Lempa Fault has been studied together with the El Triunfo Fault
due to its proximity. In this area the hypsometric values between the
northern and southern basins have no significant differences. In
Fig. 5B the hypsometric curves of the basins from33 to 47 are represent-
ed. Blue lines are the southern basins and red lines are northern basins.

Hypsometric curves of the surrounding basins of the El Triunfo Fault
normalized to one, have been represented in Fig. 5C. The curves repre-
sented in red lines are the hypsometric curves of the basins situated
northward of the El Triunfo Fault (basins from 24 to 32 in the map of
Fig. 5 and Table 1). They show S shapes and convex geometry. Hypso-
metric curves represented in blue lines are for the southern basins of
the El Triunfo Fault (basins from 48 to 59 in the map of Fig. 5 and
Table 1), and they have concave geometries (Fig. 5C).

5. Interpretation and discussion

In spite of the fact that the faults of ESFZ have a predominant strike-
slip component, the hypsometric analyses reveal that the normal com-
ponent of themain faults is significant, at least in the studied segments.

5.1. Lithological influence in the results of the analyses

Previous to any interpretation about uplift and relative movements
of the blocks defined, it is mandatory to dismiss possible non-tectonic
effects on the topography and thereby to the area–altitude relationship.
Depresion block described in Fig. 3. Arrows are indicating an inferred fault.
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Fig. 5.Map showing the analyzed basins. Basin numbers of Table 1. A, B and C are showing the positions of San Vicente, Lempa and El Triunfo Faults respectively on the map. A: Hypso-
metric curves of the San Vicente segment surrounding basins. B: Hypsometric curves of the Lempa Fault surrounding basins. C: Hypsometric curves of the El Triunfo Fault surrounding
basins. Red lines are north basins. Blue lines are south basins.
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There are some gradients in the results of the Hi map that we have
interpreted as a lithological effect in the hypsometric results.

Comparing the Hi valuemap and the geological mapwe can see that
there are some hypsometric anomalies which are coincident with teph-
ra deposits, especially with the tephras of Tierra Blanca Joven Formation
(TBJ; Hart, 1981, 1983) and the pyroclastic flows of the Cuscatlán For-
mation (Plio-quaternary) (Fig. 2B and C). These deposits cover and
“rejuvenate” the topography. The regions with these recent deposits
are in an early-state of erosion which increases the area of high eleva-
tions in specific areas, and induces a larger value of the Hi.

This effect is clearly observed in the boundaries of Ilopango Caldera,
where higher values of Hi correspond to TBJ deposits. Lithological effects
are also observed south of the San Vicente Volcano,where high values of
Hi are coincidentwith Plio-Quaternary deposits of Cuscatlán Formations
and TBJ Formation. However, south of San Vicente fault there are low
values of Hi (Hi b 0.45) in areas covered by TBJ deposits. These results
can be interpreted as a consequence of the dip-slip movements of this
fault (the normal component of the fault). In this case the TBJ deposition
could be smoothing the differences between both walls of the fault due
to tectonic movements, resulting in higher values of Hi than expected if
there were no TBJ deposits. The results of the local analysis in this fault
also show this effect.

The Berlin Formation is also a very young deposit, but it covers the
topography in a homogeneous way, so we cannot see clearly any influ-
ence in the results of the analysis. In fact, there are gradients of the Hi
value in regionswith this lithology (Fig. 2 B and C).We relate these gra-
dients with tectonic processes.
5.2. Vertical movements of the tectonic blocks

Attending to the differences of the hypsometric curves and integrals
for the blocks defined in Chapter 3.3 (Fig. 3), and taking into account
that the results could be conditioned by the lithology, we propose the
relative movements of the blocks.

We have interpreted an important uplift of the North San Vicente
block relative to the South San Vicente block. Despite the possible influ-
ence of the lithology, the differences in the shape of the hypsometric
curve and theHi values are really clear (Fig. 3). The S-shape of the north-
ern block indicates a “mature” stage of the topography, while the con-
cave shape of the southern block indicates an “older” stage of the
topography.

According to the hypsometric curve of the North Berlin and South
Berlin blocks, we do not see significant differences between them. In
this case the lithology is homogeneous in both blocks and we can as-
sume that these differences are related with tectonic movements.
Both curves are S-shaped, but there is a predominance of higher alti-
tudes in the North Berlin block. We interpret a relative uplift of the
northern block, but it is much lower than the difference between
north San Vicente and South San Vicente blocks (Fig. 3).



Table 1
Hypsometric integral value of the analyzed basins. Numbers of the basin in the map of
Fig. 7. SV: San Vicente fault; L: Lempa fault; ET: El Triunfo fault. (S): Southern fault; (N):
Northern fault and Hi: Hypsometric integral.

Basin Number Segment Hi

1 SV (N) 0.45
2 SV (N) 0.52
3 SV (N) 0.41
4 SV (N) 0.5
5 SV (N) 0.55
6 SV (N) 0.54
7 SV (N) 0.54
8 SV (N) 0.53
9 SV (N) 0.41
10 SV (N) 0.51
11 SV (N) 0.53
12 SV (S) 0.44
13 SV (S) 0.69
14 SV (S) 0.67
15 SV (S) 0.33
16 SV (S) 0.5
17 SV (S) 0.33
18 SV (S) 0.34
19 SV (S) 0.38
20 SV (S) 0.32
21 SV (S) 0.28
22 SV (S) 0.24
23 SV (S) 0.26
24 ET (N) 0.44
25 ET (N) 0.53
26 ET (N) 0.56
27 ET (N) 0.58
28 ET (N) 0.62
29 ET (N) 0.62
30 ET (N) 0.59
31 ET (N) 0.55
32 ET (N) 0.48
33 L (N) 0.29
34 L (N) 0.45
35 L (N) 0.28
36 L (N) 0.13
37 L (N) 0.3
38 L (N) 0.33
39 L (N) 0.5
40 L (S) 0.54
41 L (S) 0.62
42 L (S) 0.49
43 L (S) 0.49
44 L (S) 0.36
45 L (S) 0.42
46 L (S) 0.47
47 L (S) 0.37
48 ET (S) L(S) 0.39
49 ET (S) 0.37
50 ET (S) 0.42
51 ET (S) 0.38
52 ET (S) 0.33
53 ET (S) 0.3
54 ET (S) 0.34
55 ET (S) 0.39
56 ET (S) 0.29
57 ET (S) 0.27
58 ET (S) 0.31
59 ET (S) 0.39
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In the inter-segment zone the deformation is not well constrained.
The extensional systems of El Tortuguero and Obrajuelo have a similar
hypsometric curve. There are some deposits from Cuscatlan formation
that could have influenced the results, but the lithology could be consid-
eredhomogeneous along the block.We think that the results are so sim-
ilar because both systems have equivalent fracturing style and a strong
influence of monogenetic volcanoes that are scattered along both areas,
conditioning the topography and therefore the results of the analysis.

The South Obrajuelo and South Lempa blocks are bounded by the
Lempa River whereas the South Lempa Block is mostly composed of
Holocene and Pleistocene deposits from the Berlín Volcanic Complex
and the South Obrajuelo Block is mainly composed of Mio-Pliocene
rocks of the Bálsamo Formation. We have not identified evidences of
tectonic activity between these blocks and they are not much fractured.
However, there are some differences in the hypsometric curves that
could be explained by lithological heterogeneities

The lowest values of Hi and themost concave hypsometric curve are
in the Lempa Depression. The positive gradient of Hi values in the mid-
dle of the block is interpreted as a consequence of the activity of a fault
crossing the depression (Fig. 4) as described by Canora et al. (2012). De-
spite the low expression on the relief, the strong gradient of Hi values
supports the existence of this fault and its recent activity.

The Lempa block is bounded by normal faults, and we interpret that
it is forming the area of maximum subsidence of the pull-apart basin.
This is also consistent with some interpretations of Corti et al. (2005)
and Agostini et al. (2006).

5.3. Fault slip variation along-strike

A structural segment of a fault can be described as a section of the
fault bounded by fault branches, or intersections with other faults,
folds, or cross structures (Scholz, 2002, Chapter 3). The existence of a
segment in a fault zone implies a distinctive seismic behavior. This
means that it acts as an individual fault interacting with adjacent seg-
ments. Theoretically, themedium to long-termnet slip along a fault seg-
ment varies along the fault plane. This behavior, especially in active
faults affecting Quaternarymaterials, should be reflected in topography.

Usually, these variations in the displacement along the faults affect
the strike slip and the dip slip components. If the normal component
of these faults is enough, this lateral variation should be reflected in
the results of the hypsometric analysis. According to theoretical models,
maximum accumulated long-term displacements occur in the central
part of the faults and decrease gradually towards the tip points (i.e.
Cowie and Roberts, 2001; Ferril and Morris, 2001; Scholz, 2002; Walsh
andWatterson, 1989). Hence, in central parts, differences in hypsomet-
ric curves between the hanging wall block and the foot wall block
should be higher than at the tip points of the fault, where hypsometric
curves should tend to be equal (Fig. 6).

In order to visualize these lateral variations, we have done profiles
along the Lempa, San Vicente and El Triunfo faults representing values
of Hi of northern basins (red circles) and southern basins (blue circles)
(Fig. 7). To compare their trends we fitted quadratic polynomial regres-
sions, shown as red and blue lines respectively. This regression should
fit well the surface displacement of a theoretical elliptical fault rupture,
although higher order polynomials could also be used. In addition we
have also represented the elevation difference between northern and
southern blocks of each fault along the profiles (Fig. 7).

Profile A in Fig. 7 is along San Vicente fault (basins from 1 to 23 in
Table 1 and Fig. 7). In the western part of the profile the value distribu-
tion and the variations between the northern and southern values are
not following a clear pattern. The highest difference between them is
in the eastern part. The highest scarp is also situated also in the eastern
part (at the length of 20 km, x axis). It does not correspondwith the ide-
alized model of Fig. 6, and the fit is not suitable for any side of the fault.
We interpret that these high values of the scarp and the differences of Hi

are not relatedwith the recent activity of this segment. It could be relat-
ed with structures inherited from a previous tectonic phase as we dis-
cuss below.

Profile B in Fig. 7 has been done along the Lempa fault. The hypso-
metric integral values of the southern basins are higher than the hypso-
metric values of the northern basins (Fig. 7, basins from 33 to 47, and
Table 1). The differences between the northern and southern Hi values
are decreasing from km6 of the x axis of the profile towards the eastern
tip of the profile (km 12).

Profile C in Fig. 7 is along the El Triunfo Fault. In this profile themax-
imumdifference between Hi values is observed in the central part of the



Fig. 6. Idealized behavior of a fault and the expected results of the hypsometric curves.
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fault, at km 12 of the profile, from Hi= 0.62 in the north to Hi = 0.38 in
the south. These differences clearly decrease towards the tips of the
fault, being non-existent at the tips (Fig. 7 profile C). Thefit of the north-
ern values is the best one of all the profiles.

At the El Triunfo Fault, the basin orientations provide important in-
formation due to the drainage radial pattern related to the Berlin Volca-
no (Figs. 2 and 8). We have measured the angle formed by the basins'
axis with the fault trace in order to describe the horizontal component
of themovement of this fault (Fig. 8). The radial pattern of the drainage
basins is the same northward and southward of the El Triunfo Fault. The
fault activity produces lateral variations in the orientations and position
of the basins. We have represented the basin axes orientation values in
Fig. 8. We can see that there are differences up to 30° at km 4 and up to
40° at km11. The regression shows that the differences are higher in the
central part of the fault and they decrease towards the tips. Although, in
the eastern part of the fault, the fan pattern of the basins axis became
unclear and it is smoothing the results.

We havemeasure the possible offset of the basins assuming that the
basins with the same axis orientation were connected when they were
formed. The result shows the greatest offsets in the central-western part
of the fault (kms 5 to 12), and the smallest are in the tips (Fig. 8). This
drainage network is formed on Pleistocene basaltic lavas from the Berlin
volcanic complex and although the age is not well constrained, Bosse
et al. (1978) dated them with an age of 1.4 Ma. If we assume that the
drainage network formation is contemporaneous with the last basaltic
lava extrusion, then we can estimate the horizontal slip-rate of
the fault. From the offsets in the basin axes orientation (Fig. 8), we
have calculated a minimum slip-rate for El Triunfo fault. The results,
from west to east are: 0.75 mm/year, 4.2 mm/year, 4.83 mm/year,
4.79 mm/year, 1.4 mm/year, 1.7 mm/year and 1.4 mm/year (Fig. 8).
The fault displacement (D) variation along-strike and the corresponding
slip-rate (SR), assuming the age of 1.4 Ma given by Bosse et al. (1978),
are also shown in Fig. 8. In this plot, it is clearly seen how the fault slip
decreases formkm6 towards the tips of the fault. The slip-rate is highest
in km 6 with a value of 4.6 mm/year.

If we assume that 100% of the differences of the Hi value and the dif-
ferences in the basin orientations are due to the fault activity, we can in-
terpret that the El Triunfo Fault is following an idealized model along a
fault displacement distribution. The maximum displacements are ob-
served in the central-western parts of the fault and they decrease to-
wards the tip points.

If we analyze the profiles of Lempa and El Triunfo faults together we
can observe a relationship between both. From km 6.5 to the eastern
end of the Lempa fault the Hi differences between the north and south
basins decrease, while in the El Triunfo Fault increase eastward during
the first 10 km (Fig. 7 profiles B and C, overlap zone). We interpreted
that there is a deformation relay between the Lempa and El Triunfo
overlapping faults that produce an accommodation zone between
these faults (Figs. 7 and 9). Westward, Lempa fault absorbs much of
the deformation, where Hi differences are higher (Fig. 7 profile B). East-
ward, the slip of the Lempa fault decreases since the El Triunfo fault is
absorbing much of the deformation. The increase of the Hi value differ-
ences in El Triunfo Fault is coincident with the decrease of the Hi value
differences in Lempa fault and the overlap zone. An interpretation of
this zone as two antithetic faults with normal component but with pre-
dominant strike-slip movement and an accommodation zone between
both faults as showed in Fig. 9, is consistent with the morphometric
results.

5.4. Tectonic evolution

In areas of ESFZ where deformation is accommodated in a narrow
shear zone (El Triunfo and San Vicente faults), there exists a clear uplift
of the northern block relative to the southern blocks (Fig. 3). The differ-
ences between the northern and southern hypsometric curves on these
faults are higher in the San Vicente fault than in the El Triunfo Fault. The
results of the San Vicente segment analysis do not show a clear pattern
in the lateral distribution of Hi differences, and it presents a huge fault
scarp in the eastern part of the fault (Fig. 7 profile A). These observations
could be explained by three hypotheses: a) a high uplift (large dip-slip
movement of the fault) in San Vicente segment of the ESFZ; b) a greater
influence of lithology; and c) the existence of inherited structures and
associated relief.

Canora et al. (2010, 2012) conclude that the Holocene movement
of San Vicente fault is almost pure strike-slip, throughout its
seismotectonic and paleoseismological analyses. So we think that the
Holocene dip-slip movement of this fault it is not enough to generate
the differences seen in the hypsometric results and it does not satisfy
all the observations.

We think that the lithological effect, aswe have explained in the sec-
tion specifically focused in this issue, is smoothing the differences be-
tween the northern and southern curves of the San Vicente blocks,
and neither satisfies all the observation. So we delve in the third option
below: the existence of inherited structures and associated relief.

Weinberg (1992) described a neotectonic evolution in western
Nicaragua dominated by three different deformation phases from Mio-
cene to Holocene, and thereby two changes in the stress tensor. During
the first deformation phase (Miocene–Low Pliocene) dip angle of the
subducting plate (Cocos plate) is low and it is coupled, during this
stage there is amaximumshortening directionNE–SW, and it generated
a folding oriented NW–SE. Then a roll-back produced a rotation of the
stresses. This roll-back caused the migration of the volcanic arc south-
westward to its current position. During this phase an extensional re-
gime generated the highly asymmetrical half-graben of Nicaragua



A

B

C

Fig. 7.Map showing the analyzed basins. Basin numbers of Table 1. Lines A, B and C are the profiles 7A, 7B and 7C, coincident with San Vicente, Lempa and El Triunfo faults respectively.
Profiles A, B and C are representingHi values of each basin along the fault. Red circles are theHi value of each north basin of the fault area. Blue circles are theHi value of each south basin of
the fault area. Red and blue lines are the trend of red and blue circles respectively. Dashed black line is the scarp profile along the fault.
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bounded to the southwest by NW–SE, oblique-slip normal faults (Funk
et al., 2009). The second rotation occurred duringmiddle Pleistocene to
Holocene. This change, caused amaximumhorizontal shortening direc-
tion rotation from N130°E to the current N–S, forming the Managua
Graben (Weinberg, 1992, Fig. 1A).
At El Salvador, the volcanic chain has alsomigrated southward from
theMiocene to its current position. This migration could be also related
to theCocos plate roll-back during late Pliocene–Pleistocene (Weinberg,
1992). This tectonic context could develop E–W dip-slip normal
faults similar to the normal faults driving the Nicaraguan half-graben.



A B

Fig. 8. Map showing the basins of the El Triunfo Fault area. Line A–B is the profile position. Profile showing the differences of the basins' orientation along the fault. Red circles are the
orientation of each north basin of the fault area. Blue circles are the orientation of each south basin of the fault area. Red and blue lines are the trend of red and blue circles respectively.
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The current tectonic regime reactivated those normal faults as
transtensional strike-slip faults and the deformation could be concen-
trated on them (Canora et al., 2012). This explain the anomalies on
the results of the San Vicente Segment and the abrupt scarp in that
fault (Fig. 7 profile A, dashed black line), if we interpret the San Vicente
fault as a formed dip-slip fault reactivated.
6. Conclusions

This study reveals dip-slip movements in some faults of ESFZ, and
lateral changes of the dip-slip and the strike-slip components. The re-
sults from our analysis are consistent with some previous results de-
scribing a transtensional regime in ESFZ (i.e. Álvarez-Gómez et al.,
2008; Cáceres et al., 2005; Canora et al., 2012; Correa-Mora et al.,
2009; Guzmán-Speziale, 2001). This study reveals that there could be
an important interaction between different faults of the ESFZ. This is ev-
ident in the Lempa and El Triunfo Faults detailed study, where there are
deformation reliefs and an accommodation zone between them,
interpreted from the results of the topography analysis (Fig. 9).

The Lempa inter-segment zone is the area where distributed defor-
mation dominates, making this region an interesting zone for future
seismic hazard studies because itmay be an area acting as a seismic bar-
rier or asperity in large earthquakes along the ESFZ.

Themeasure of the basin axes in the Berlin Segment area has been a
useful tool in order to assess the strike-slip motion of El Triunfo Fault
and its slip-rate.We have interpreted along-strike variations of the hor-
izontal slip-rate from 4.6 mm/year to 1.0 mm/year decreasing approxi-
mately from the center towards the tips of the fault. From the
hypsometric analysis, we have interpreted variations along-strike in
the dip-slip movement of the fault, being the maximum uplift in the
middle and the lowest in the tips. The behavior of the El Triunfo Fault
presents a classical bell shaped distribution of the slip along the fault.

The hypsometric curves and hypsometric integrals of the basins of
the San Vicente segment and the geomorphological expression of this
fault can be explained by the hypothesis of a reactivation of structures



Fig. 9. Interpreted structure of Lempa and El Triunfo Faults. Diagrams are profiles 7B and 7C.
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inherited from the previous extensional tectonic regimeand a recent ro-
tation in the maximum shortening direction. A similar tectonic evolu-
tion as described by Weinberg (1992) in Nicaragua is possible and
could explain the anomalous results in the hypsometric analyses of
the San Vicente fault linked to a very high scarp.
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