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Abstract

:

The El Salvador Fault Zone (ESFZ) is part of the Central American Volcanic Arc and accommodates the oblique separation movement between the forearc sliver and the Chortis block (Caribbean Plate). In this work, a triclinic transtension model was applied to geological (fault-slip inversion, shape of volcanic calderas), seismic (focal mechanisms) and geodetic (GPS displacements) data to evaluate the characteristics of the last stages of the kinematic evolution of the arc. The El Salvador Fault Zone constitutes a large band of transtensional deformation whose direction varies between N90° E and N110° E. Its dip is about 70° S because it comes from the reactivation of a previous extensional stage. A protocol consisting of three successive steps was followed to compare the predictions of the model with the natural data. The results show a simple shear direction plunging between 20° and 50° W (triclinic flow) and a kinematic vorticity number that is mostly higher than 0.81 (simple-shearing-dominated flow). The direction of shortening of the coaxial component would be located according to the dip of the deformation band. It was concluded that this type of analytical model could be very useful in the kinematic study of active volcanic arcs, even though only information on small deformation increments is available.
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1. Introduction


Harland [1] defined transtension as crustal extension and shear operating in zones of oblique extension, which, from the point of view of classic transtension (pure shear as the coaxial component), produces: (1) constrictional (prolate) strain; (2) horizontal stretching with steep or flat cleavage; (3) folds and thrusts at a high angle to the zone; (4) extensional structures at a low angle and; (5) crustal thinning, subsidence and basin development [2]. Classic transpression–transtension models for shear zones assume monoclinic flow geometries, in which the finite strain rotation axis (i.e., the vorticity vector of instantaneous flow) is fixed parallel to (with) one of the main strain axes (i.e., [2]). Those models were later modified, increasing the degrees of freedom, by [3] or [4], including the possibility that the coaxial component is not exclusively pure shear. Unfortunately, sometimes these models do not satisfactorily explain numerous observations in several shear zones where the stretching lineation varies in intermediate positions, from parallel to the strike to parallel to the dip sense of the shear zone [5,6,7,8]. That is because the implementation of more general flow models with triclinic symmetry is necessary to shed light on the kinematic meaning of rock fabrics in numbers of inclined or even vertical shear zones [6,9]; therefore, the use of progressively more sophisticated analytic models to understand the features of ductile shear zones is becoming more common (e.g., [10]). However, the use of this kind of approach is less common in the shear zones developed in the brittle regime (upper crust) or in active tectonics regions, although their use has proved viable and is remarkably useful to understand regional kinematics. Thus, [11,12,13] have satisfactorily applied these models in different tectonic frames in the upper crust.



Despite the amount of oblique extensional tectonic zones, in classic transtension, as defined by [1], there is a relatively low number of studies focused on transtensional kinematics compared with the transpression studies. This might be due to the fact that these studies are focused on rocks exhumed from middle to lower crust rocks where transtension is, apparently, less common (e.g., [14]). A search in the Scopus database shows four times fewer results for transtension than for transpression, which makes the opportunity to apply analytic models in order to shed light on complex strain processes in transtensional settings even more interesting.



At the Central American Volcanic Arc (CAVA), several structures appear from Guatemala to the Talamanca Ridge in Costa Rica that accommodate the forearc sliver relative motion. Specifically, in El Salvador, there is a fault system crossing the country from east to west: the El Salvador Fault Zone [15]. The transtension within the CAVA crossing El Salvador has been experimentally suggested by [16] and geodetically measured by [17] or inferred from morphometrical and structural analyses by [18] but has not been sufficiently proven, as indicated by [19]. Available kinematic data (focal mechanisms, GPS data, fault slickensides and deformed volcanic caldera) help to constrain the main deformation parameters of the shear zone. These parameters are: (1) its kinematic vorticity; (2) the orientation of the vorticity vector and thereby the rake of the non-coaxial component on the shear zone boundary; and (3) the sinkage rate in the CAVA imposed by the transtension. Through the application of the general triclinic transpression/transtension with the oblique extrusion model [10], it has been possible to infer the triclinic and transtensional nature of the ESFZ (with high vorticity values). The results can be easily explained by the imposition of inclined structures generated during a previous extensional phase that are inherited and later reactivated by its current kinematics.




2. Tectonic Frame


The ESFZ is located in the CAVA, a volcanic chain that expands from the border of Guatemala and Mexico to Costa Rica (Figure 1A). Northern Central America (Honduras, Nicaragua, El Salvador and Southern Guatemala) is part of the Chortis Block, the only area with a Precambrian and Paleozoic basement in the Caribbean region. On this basement, several Mesozoic–Cenozoic basins were developed and filled by a volcanic cover related to the CAVA magmatism [20]. The crustal block boundaries are: (1) the Motagua–Polochic Fault Zone, which is the northern boundary of the Caribbean Plate (in contact with the Maya Block); (2) the Hess Escarpment to the south; and (3) the Middle America Trench to the west. The northern end of the CAVA is located at a diffuse triple joint between North American, Caribbean and Cocos Plates [21,22,23]. The northward motion of the forearc sliver (relative to the Caribbean Plate) is accommodated throughout dextral faulting developed along the CAVA. These structures coincide with geographical boundaries and are, from north to south: Jalpatagua Faut in Guatemala [24,25]; and more recently [26]; ESFZ in El Salvador [15,27,28]; and the Nicaraguan Depression [29,30,31]. Even though the developed structures are well constrained, there is no consensus on why the forearc sliver is moving. Once discarded the strain partition hypothesis as the engine of the fore arc motion [32,33,34], two main hypotheses appeared to explain the transcurrent faulting parallel to the trench: the northern dragging of the forearc sliver driven by the pinning of the forearc sliver and the North America Plate ([34,35], among others); or the southern push driven by the Cocos Ridge collision [36,37] among others). In [38], the two main hypotheses are discussed, concluding that both force sources may be acting analogue to a push–pull train in Northern Central America, the dragging of the forearc sliver is dominant from northern Guatemala to Chiapas, while in Southern Central America (southern Nicaragua and Costa Rica), the push promotes the movement due to the Cocos Ridge collision. Regardless of the movement source, the GPS velocities distribution regarding the Caribbean fixed plate show that in the lowest coupling area of the subduction interphase (coincident with El Salvador), there is a rate ranging from 7 to 11 mm/yr of parallel movement to the trench versus 2 mm/yr of extension perpendicular to the trench ([38]; Figure 1B is based on data from [17,39,40,41,42].



Within this context, a fault system is developed crossing El Salvador, which accommodates the forearc sliver motion. The CAVA acts as a weak zone that accommodates almost all the displacement of the forearc sliver [16,45]. Considered in a broad sense, the fault system is composed of dextral strike-slip faults E–W to WNW–ENE oriented with extensional step-overs [19,40,45,46]. This fault system was developed over non-continuous graben or semi-graben structures inherited from an extensional stage that were reactivated and promoted by releasing step-overs and pull-apart basins along the fault system [16,47,48,49].



The ESFZ is divided into five sectors, which are, from west to east: Western Segment (the Guaycume fault is the main fault in this sector); San Vicente Segment (the source of the 13 February 2001 earthquake); Lempa Segment; Berlin Segment (whose main fault is El Triunfo Fault); and San Miguel Segment (with the lowest geomorphological expression). The ESFZ was the source of the 13 February 2001 destructive earthquake (Mw 6.6), and it has great seismic potential, being able to generate earthquake magnitudes up to Mw 7.0, which makes this area especially interesting from a hazard point of view and has led to several studies [15,28,48,50,51]. A detailed review of each fault and its associated seismicity can be found in [52] and references therein.



This study is focused on the central region of the ESFZ, where the deformation is concentrated in a narrower band compared with the bounding areas, and it is composed of the San Vicente, Lempa and Berlin Segments, which show a releasing relay at the surface between the San Vicente and El Triunfo Faults (Figure 2). In this zone, GPS data show velocity rates ranging from 9 to 12 mm/yr depending on the measured site [17,53]; however, the fault slip rates obtained from paleoseismology and geological techniques are slower, ranging from 3 to 6 mm/yr, depending on the methodology and the structure analyzed [18,19,27,47,48,49]. The lower rates obtained from geologic measurements are a common feature in any tectonic setting and are usually related to the fact that geodesy obtains rates from broad deformation areas while paleoseismology obtains rates from singular structures.




3. Methodology


For a better and deeper understanding of the ESFZ kinematics, we have resorted to analytic models and adapted protocols previously proposed that have successfully explained the strain in several geological contexts (e.g., [12,13,54]). As mentioned above, transtension is kinematically defined as the combination of a non-coaxial component (simple shear) acting parallel to the shear zone boundaries (SZBs) together with a coaxial component that, in the simplest case, is pure shear with an extension perpendicular to the SZB and vertical shortening or according to the SZB dip sense [2,3]. Classic models of monoclinic transpression (e.g., [2]) obtain vertical foliations for vertical shear zones, while the vorticity normal section (VNS, the highest degree of structural asymmetry section) coincides with the YZ section of the Finite Strain Ellipsoid (FSE), except for simple-shear-dominated flows and low to moderate finite deformation stages (e.g., [3]), where the VNS coincides with the XZ section. Similarly, under classical transtension, foliations tend to be horizontal, and the VNS coincides with the XY plane of the finite strain ellipsoid, except for flows dominated by simple shear and low to moderate finite strains, where the VNS coincides with the XZ section, and foliations tend to be vertical. Despite the fact that these assumptions can be applied to several cases and broadly observed in structural geology literature, other situations are possible. For instance, more complex, triclinic flows can result from inclined (non-vertical) shear zones (e.g., [6,55]). An inclined shear zone can result from the reactivation under transtension of normal faults resulting from a previous extensional phase, as in the case considered in this work.



In recent years, finding fabric evidence in shear zones that are not satisfactorily explained by monoclinic type flows is becoming more and more common; for example, the coexistence of stretching lines with opposite plunges or the coexistence of FSE in the flattening and constriction fields within the same shear zone (i.e., [7,8,56,57]). Although this last situation (flattening and constrictional strain geometry depending only on vorticity) can also be observed in monoclinic flows under types of coaxial components that can differ from pure shear, as in class A of transpression and transtension [3]. Later models proposed by [6,9,55] are considered to be more complete and realistic options that include convergence vectors between two rigid blocks separated by a shear zone that are not horizontally restricted or inclined boundaries shear zones that impose a simple shear vector oblique on the SZB.



In our study, we have applied the triclinic transpression with an oblique extrusion model by [10], which, with several degrees of freedom, involves all the options mentioned above and inclined extrusion, enabling a more realistic approach to nature. This transpression model considers the non-coaxial and coaxial strain combination and the possibility of obtaining inclined simple shear or even oblique extrusion (defined by the maximum stretching axis of the coaxial component). For the kinematic study of the ESFZ, a modification of the model will be considered by simulating a transtension (Figure 3). In order to achieve this, it is necessary to modify the value of the longitudinal deformation (stretching) perpendicular to the boundary of the shear zone and corresponding to the coaxial component of flow (Equation (12) in [10]). Unlike under transpression, where that component involves shortening, transtension is simulated by lengthening perpendicular to the shear zone. The divergence vector pointing to the relative displacement of the blocks limited by the shear zone can be decomposed into a component parallel and another perpendicular to the boundaries of the shear zone. The displacement parallel to the shear zone originates from the non-coaxial (simple shearing) component of the flow and is characterized by the simple shear strain rate (  γ ˙  ). The triclinic transtension analytical model has the advantage of including, as a special case, the monoclinic transtension. Therefore, in this work, we have preferred to use a general model, which does not prejudge the triclinic or monoclinic character of the flow that affected the region under study. In this case, the simple shearing direction is allowed to deviate from the azimuth of the shear zone (angle φ, Figure 3). The displacement perpendicular to the shear zone boundary gives place to the coaxial component of the flow, which is defined by the coaxial strain rates (    ε ˙  1   ,     ε ˙  2   ,     ε ˙  3   ). Due to its simplicity, pure shearing is chosen as the coaxial component (in this case). For pure shearing,     ε ˙  1  =  0;     ε ˙  2  = −   ε ˙  3  =  ε ˙   . The principal lengthening axis (  ε ˙  ) of the coaxial component is normal to the boundaries of the shear zone, while the principal shortening axis (  −  ε ˙   ) is considered, in principle, to coincide with the dip direction of the shear zone (Figure 3).



In order to apply this model, we have followed the protocol adaptations proposed by [12,54]. Such model has been tested in several ductile shear zones, such as Wabigoon-Quetico, Canada or South Iberian Shear Zone, the southwest of Spain [54]; in rocks deformed in brittle regimes—such as Torcal de Antequera, External Betics, South Spain, [12] or the Neka Valley, Eastern Alborz, Iran [58]—or active shear zones—in the Alhama de Murcia Fault in eastern Betics, Spain, [13]—and has also been numerically tested [59], contributing to higher confidence in the transpression model.



3.1. Incremental Strain Constriction


The ESFZ strain features make it crucial to consider the first stages of the incremental strain vs. the finite strain as one of the main pieces of evidence for the kinematic analyses. For this reason, we have resorted to three data sources: (1) orientations and slip senses of fault slickensides, (2) earthquake focal mechanisms and (3) GPS data.



3.1.1. Infinitesimal Strain Ellipsoid from Fault Slickensides


All calculations are based on the principle that the planes of maximum incremental shear strain are 45° from the main axes of an incremental strain ellipsoid (ISE) (e.g., [60,61]). Thereby, from slip data on faults and assuming that the amount of displacement is relatively small compared with the area under study, it is possible to obtain the X, Y and Z axes of an ISE. We have compiled fault slip data all along the ESFZ, in outcrops, road cuts and paleoseismic trenches (data published in [47,48,49]). In addition, when the number of data is enough, we can obtain the incremental strain ellipsoid by using the [61] method for each measured site. All the ISE axes are projected in Figure 2B, which shows fair consistency in the X axis’ orientation, with low plunge values and trending approximately to 040° or 220°. However, there is a greater dispersion of the Y and Z axes, which are exchanged in some cases. We would like to highlight the limited availability of data of some sites, so there is a remarkable uncertainty about the ISE axes’ location, and there are not enough samples to obtain representative confidence cones for them. For this reason, we have unified all data to statistically constrain a representative ISE for the area under study using a fault population of 49 data (Figure 4A). The great dispersion of the Z axis is explained if we regard the constrictive nature of the ellipsoids. Due to the deformation heterogeneity, we have carried out three more analyses in order to consider the possible influence that faults within the relay zone (between the El Triunfo and San Vicente Faults) may have had on the first results (Figure 2). We also show the lower hemisphere projections of the analyses carried out by using only data from sites located closer to the El Triunfo and San Vicente Faults (Figure 4B). When the analysis is focused on El Triunfo Fault, the data amount is low, and no uncertainty cones are possible to obtain. The results of the local analyses also show a great dispersion in the Z axes despite the fact that data are surrounding a more homogeneous area. The X axis is much more consistent, and even though it is within the confidence cone calculated from the global analysis, the sense of plunge is the opposite (Figure 4A).



Finally, we show the results of the filtered analysis after data selection, removing sites that could be reflecting the local extensional relay at the Lempa area between the San Vicente and El Triunfo Faults or northern to the SZB (sites 2, 3 and 4 in Figure 2C), because the inherently heterogeneous nature of deformation at extensional relays cannot be approached with the used analytical model. We have obtained the preferred ISE with a more reliable X axis 216°//07°oriented, with a relatively small confidence cone (half angles of 11.6° and 14.4° for 95% and 99% confidence, respectively). On the other hand, the Y and Z axes are delocalized with their containing plane, the average orientation of the Z axis is 327°//69°, but we consider that it could be located in every place within the YZ plane of the incremental strain ellipsoid regarding the confidence cone projected at Figure 4C.




3.1.2. Incremental Strain Ellipsoid from Earthquake Focal Mechanisms


We have compiled all the available earthquake focal mechanisms in El Salvador (see [52]). It is important to highlight that there are only a few obtained from earthquake magnitudes Mw < 3.0, which reduces data reliability and may lead to some errors. Another issue is that some of the focal mechanisms were inferred or recalculated from the record of old seismic stations or using damage mapping of historical earthquakes, which may also be a source of uncertainty [62]. The Mw 6.6 San Salvador earthquake on 13 February 2001 (highlighted in the central part of Figure 2C), whose source was the San Vicente Fault [15,28], had the highest earthquake magnitude that has contributed more to the results of these analyses. We have projected the focal mechanisms within the area under study after being filtered at depth in a Kaverina classification diagram (Figure 4D) to easily visualize the data dispersion. These focal mechanisms (N = 54) were used to constrain a seismic tensor. We have also obtained the P, B and T axes for each focal mechanism using the FMC program [63], which are projected in Figure 4D. As shown in the stereoplot, the P axes distribution is dispersed but contained in a plane, whereas there is more consistency in the T axes, as can be shown in the results obtained from the analysis of the fault slip measurements. The seismic tensor was inferred by resorting to the Kostrov method [64]. The used parameters were: (1) 54 focal mechanisms, whose weights in the calculation depend on the earthquake’s magnitude; (2) a shear modulus of 32 GPa; and (3) a 35,000 km3 volume. The results of the analysis are shown in the table and plotted in Figure 4D. The table shows X, Y and Z axes’ orientation and eigenvalues and their projection in the stereoplot with the X axis equivalent to T and the Z axis equivalent to P.




3.1.3. Incremental Strain Ellipses from GPS Data Sites


In order to constrain the current strain within and out of the shear zone from GPS data, we have resorted to two approaches: first, we have determined divergence values out of the shear zone, and second, we have obtained the main axes of horizontal ellipses within the shear zone. El Salvador counts on a GPS network (ZFESnet, [17]) that combines both campaign and continuous equipment. The GPS velocity field across and along the ESFZ was determined in [17], obtaining relatively high strain rates at the fault zone (Figure 2A). Further information on GPS sites and their naming and data processing can be found in [17].



Flow Apophyses Constriction


According to [3], the relative movement of the rigid blocks separated by a shear zone is parallel to the flow apophyses oblique to the shear zone (flow apophyses are directions or maximum, intermediate and minimum rate of particle displacement; see, e.g., [3]). Determining this parameter is possible by arbitrarily considering a block fixed (the northern block, in this case) and constraining the southern block displacement from data immediately adjacent to the southern end of the ESFZ; and a little further, considering the 1σ error of GPS data, resulting in the orientation presented in Figure 4E. In red are the values of closer data sites (AIES, PRUS, USUL sites versus CAR, CABA, SBAR sites, Figure 2), and in black are the far ones (AIES y PRUS vs. OPAC y RIOG, Figure 2). Some differences can be observed along the strike of the ESFZ, from the AIES orientation (westernmost studied zone) to USUL (eastern area).




Strain Rate Tensors


To constrain the horizontal infinitesimal strain within the shear zone, we have resorted to gradient tensor calculation from the GPS data. From the ZFESNet velocity network, we have calculated a velocity gradient tensor for each triangle formed by GPS sites within the shear zone. The triangles were obtained by Delaunay triangulation [65] using GMT software [66]. We calculated the velocity gradient tensor from the horizontal velocity field from ZFESNet GPS velocities based on the formulation of [67]. For this case, the strain was only constrained in two dimensions; the orientation of the main strain axes and their values are summarized in Supplementary Materials S3 and shown in Figure 5A (Further details and analyses are in [17].






3.2. Finite Strain Constriction


For a deeper understanding of the ESFZ kinematics, we tried to add finite strain data to the available incremental strain data. We have resorted to volcanic calderas and monogenetic volcanic cone shapes deformed by the shear zone activity [68,69,70,71]. The deformation of Pliocene, Pleistocene and Holocene calderas and volcanic cones have been measured along the ESFZ. The best fit ellipse was calculated using Fiji, an image analysis software. Possible cartographic projection distortion was discarded due to the working scale that may not influence the results. The long axis of the Best Fit Ellipse is projected, both in a rose diagram (Figure 5B) and on a diagram representing the ellipticity of each ellipse (Rs) against the angle (θ), which is the angle that long axes form with the boundary of the ESFZ (Figure 5C) in order to evaluate a preferred orientation. On the other hand, we have applied the same tool to the interpretation of the Carbonera Caldera evolution (proposed by [71]), obtaining similar results as those obtained with regional data but with better fits of a polynomial regression (Supplementary Materials S1). Data projection shows that the shape factor (Rs) is higher for Pliocene cones than the others, while the rose diagram confirms dextral kinematics of the shear zone, with one exception—regardless of the Holocene data with great dispersion inherent to their low ellipticity that mislocates the long and short axes of the best fit ellipse at the first stages of the deformation.




3.3. Protocol for Model Application


The kinematic model applicability has been possible by following a protocol that evaluates in parallel the highest number of kinematic markers available in the area under study. The protocol was initially proposed for the study of plastically deformed rocks [54] and later modified for rocks deformed under upper crust conditions [12]. In this case, the protocol has been adapted to the available data, strongly emphasizing the incremental strain (focal mechanisms, GPS and fault slickensides).



3.3.1. Data Ranges


We have tested the adjustment of the triclinic transtension model to the ESFZ (marked by dashed white lines in Figure 2 and Figure 5). The dip of the shear zone has been estimated at 70° from seismicity data [28] and from analogue modeling [16]. Regarding the strike of the SZB, we explored a range of N90° E, N100° E and N110° E, all dipping 70° S, considering the curvature of the volcanic arc. Regarding the φ value (the simple shear obliquity), we explored a wide range of values with a westward rake that is compatible with the dextral and normal features of the shear zone. The studied values measured from the west are 0°, 10°, 20°, 25°, 30°, 40°, 50°, 60°, 70°, 80° and 90°.



Regarding the maximum shortening associated with the pure shear, for simplicity, it has been considered that the direction of the maximum infinitesimal shortening of the coaxial component coincides with the true dip of the ESFZ boundary (i.e., ι = 0°). Finally, with regard to the kinematic vorticity number (Wk, [72]), after a preliminary analysis, we have tested that the values under 0.7 do not fit the observations; thus, the explored values are: 0.7, 0.81, 0.9, 0.95, 0.99 and 0.9999.



The model predictions have been calculated for the first deformation steps to infer the incremental strain estimated in the area under study (given the starting data and the volume of such area). Then, in Figure 6 and the Supplementary Materials, we can only find the first stages of the finite strain considered (1% and 5% of extension perpendicular to the shear zone), even if we realize that 5% of extension could be too high, so we give more reliability to the first of both.




3.3.2. Applied Protocol Steps


	
Step 1: Comparison, in equal area projection, of the X and Z axes of the infinitesimal strain against model predictions for all the considered parameters described above. We consider it to be a good fit when model predictions are projected within the confidence interval both for the faults and focal mechanisms and are close to their mean values. We consider it to be a fair fit in the same situation when the model predictions are not close to the mean values. We consider it to be a poor fit when model predictions are out of the confidence areas of the focal mechanisms or faults. Finally, we consider that there is no fit when the model predictions are out of the confidence areas for both data at the same time (Figure 6A).



	
Step 2: This step was originally designed by [54] to compare the Rs vs. θ curves predicted by the model with the corresponding values obtained from nature. In our case, the volcanic edifices and caldera shapes were used for this purpose. However, the volcanic edifice geometry might not provide discriminating information to constrain the horizontal strain ellipse (as we will discuss below), and, for this reason, we had to adapt the protocol and complement this step with an intermediate step named 2’ focused on incremental strain (and explained further below). We consider it to be a good fit when the model predicted curves are constrained between the ones obtained from the volcanic edifices; fair fit when adapted to the curve geometry inferred from all the edifices against the obtained from Carbonera Caldera (CaC); and no fit when they cross both curves (Figure 6B).



	
Step 2’: It is the comparison of the main axes of incremental strain predicted by the model on a horizontal section of the ellipsoid against the strain rate tensors measured by GPS sites obtained within the shear zone from the Delaunay triangulation and the [67] equations, published in [17]. In this study, we use Step 2’ in order to complement the original Step 2 due to the available information. We consider it to be a good fit when the range of values predicted by the model is within the measured and one standard deviation. We consider it to be a fair fit when the range exceeds 5° from one standard deviation, and we have considered it to be no fit when the values predicted by the model are out of this range (Figure 6C).



	
Step 3: This step is the comparison of the values of the divergence angle predicted by the model (oblique flow apophyses) for the range of values of the model yielding an acceptable fit in Step 1, with the mean vectors geodetically measured considering the northern block fixed. We have considered them to be good, regular or poor fit when there is a total, partial or null overlap between the model values and the GPS values measured in the closest environment, respectively (Figure 6C).









4. Results


To consider that the model optimally explains the data of the area under study, it should satisfy all the protocol steps simultaneously. In that case, only a narrow range of the values of the parameters governing the transtension model (φ, ι, Wk) would explain the kinematics of the ESFZ. This range coincides with the example shown in Figure 6, in which a N110° E/70° S-oriented shear zone is considered with a kinematic vorticity value of 0.9/0.95 and a rake of 50° W for the simple shearing component. However, we consider Step 2 to be especially restrictive, and the data available in the area under study may make it not applicable in El Salvador because the starting data used to define horizontal ellipses (volcanic edifice and caldera) do not necessarily represent finite strain and their geometry could not be exclusively related to incremental strain but also could be elongated due to fractures that could have acted as magma conduits. This is the reason for using Step 2’, complementing Step 2 and placing emphasis on the incremental strain. By adding Step 2’, broader options appeared that would satisfactorily explain the strain within the volcanic arc.



The results are classified in a way that, when in one step, there is no or poor fit, we discard this possibility; when the three steps of the protocol have a good fit simultaneously (Steps 1, 2’ and 3), the final consideration is classified as good; if two of the three steps have a good fit and one has a fair fit, we consider fair fit as final classification; if two of them have obtained the fair label and one of them good, the final label is a poor fit; when in the three steps of the model we obtained a fair fit, we also consider a poor fit in the final decision. All the information concerning the results of the protocol step by step is presented in Supplementary Materials S1 and S2. A summary of the results is shown in Table 1.



In summary: (a) for a shear zone oriented at N90° E/70° S, there are no good results, and fair results are obtained for φ = 20°, 25° and 30° W, all of them with Wk = 0.99; (b) for a shear zone oriented at N100° E/70° S, no good results were obtained, and fair results were obtained for φ = 25° W, with Wk = 0.99, for φ = 30° with 0.81 < Wk < 0.99, and for φ = 40° and 50° W with 0.9 < Wk < 0.99. Poor results were obtained for φ = 30° W with Wk = 0.7 and for φ = 60° W with Wk = 0.95 and 0.99; and (c) for a shear zone oriented at N110° E/70° S, good results were obtained for φ = 50° W and 0.7 < Wk < 0.99 (even the Step 2 have good fit in for these options when Wk = 0.9 y 0.95); fair results for φ = 40° W (0.7 < Wk < 0.95) and φ = 60° W (0.9 < Wk < 0.95); and poor results are obtained for φ = 60° W (0.7 < Wk < 0.81).



When N90° E/70° S orientation is used as the shear zone boundary, the model predictions yield the worse fit with nature even though this orientation is the most evident for the surface data of the main faults (San Vicente and El Triunfo Faults). All the obtained results have several common features for all the tested orientations, such as the rake of simple shearing (angle φ), which is always higher than 25° W and mostly ranges between 30° W and 50° W in the case of the best results. These data are glimpsed in morphometric analyses [18], where the sink of the southern blocks of the main faults was constrained from geomorphological indexes. The results for the kinematic vorticity number have high values, which, with some exceptions, are systematically higher than 0.81, pointing to simple-shear-dominated flow. The flow type is, therefore, triclinic and located mostly in the field dominated by simple shear flow or in the transition between pure shear/simple-shear-dominated flows. Depending on the orientation used for the calculation, the simple shear obliquity (φ) varies from relatively low values (φ ≈ 20° W, for the N90° E orientation of the ESFZ, with the worst fit) to low/middle (φ ≈ 30–40° W for the N100° E orientation) or even high (φ ≈ 40–50° W for a N110° E-oriented shear zone).




5. Discussion


5.1. On the Data Uncertainty and the Importance of the Incremental Strain


The strain logarithmic diagrams in Figure 7 show that, for the results of the application of the transtensional analytic model to the CAVA crossing El Salvador, both in the first increments (“infinitesimal”) of the strain history and for the clearly finite strain stages, the ellipsoid geometry is completely located at the apparent constriction field. That is especially evident, for example, for one of the best fits obtained (φ = 30° W and Wk = 0.81, red line in Figure 7) when the SZB is oriented N100° E/70° S. This result is consistent with the study of faults and focal mechanisms that show a good location of the X axis but an apparent mislocation of the Y and Z axes, which is the consequence of the constrictive style of the strain ellipsoids. As the faults and focal mechanisms study do not allow us to calculate the relative magnitude of the FSE axes, we cannot use this information as another step to test the model and a new constraint of the positive values range of the parameters involved. Nevertheless, it is possible to verify the compatibility regarding the general ellipsoid type between the model and nature. Therefore, it suggests that in the structural analysis of active shear zones, an effort must be focused on the determination of infinitesimal deformation since it is generally not easy to obtain information from finite deformation. In this sense, the construction of balanced cross sections with several orientations could help understand the deformation history of the region.




5.2. On the Contraction, Vertical Sink or “Sinkage”


According to [73], it is possible to determine the vertical displacement produced in a shear zone under monoclinic transpression driven by the pure shear component (the “extrusion” for the transpression case). After simple modifications in the equations of the transpression model, it is possible to obtain the vertical displacement for transtension. In this case, vertical displacement is negative (vertical sinking or “sinkage”). The result for the ESFZ within the CAVA, regarding its geometrical and kinematic features and assuming a 30 km depth for the reference level (“rigid floor depth”, RFD), according to [74] data based on [75] data, we obtain the graphic in Figure 8. This graphic shows with colored lines the sinkage values for different strain rates (given in s−1) perpendicular to the SZB (assumed as N10° E or N190°). According to GPS values, the mean velocity is approximately 12 mm/yr, 10° oblique to the SZB [17,53]. Taking the 10° obliquity between the divergence direction and the SZB (as discussed above in the section dedicated to the explanation of Step 3), the current velocity perpendicular to the CAVA would be 2 mm/yr. Assuming a 20 km thickness of the volcanic arc (and the shear zone), we obtained a rate of 3 × 10−15 s−1–10−14.5 s−1. If this strain rate is extrapolated to the recent past of the CAVA, it would imply vertical sink rates of the shear zone of 2.7 km/Ma. We consider this value to be too high, and even if this sink must be compensated by the volcano-sedimentary fill of the basin, it still seems too high and does not correspond to the current topography or geological map information. Thus, we consider that some of the assumptions could not be correct: an explanation could be that the strain rates cannot be extrapolated due to changes in the velocity field (the lower velocities in the past imply lower sinkage); secondly, the reference depth (30 km) based on the little information available of the Moho may be not well constrained. If we consider standard crustal rheology for a volcanic arc, we should take a shallower reference depth, and thereby, the vertical sink would be lower. Taking 10 km depth of the RFD of 10 km (the third part of the considered above) and keeping the strain rates constant, the sinkage would be only 0.9 km/yr, which is a more realistic value and closer to the observations in nature. A thickness of only 10 km for RFD is possible if we visualize a deformable surface layer with that thickness lying on top of a more rigid level (for example, a more basic middle-lower crust). Due to the lack of more specific data about the rheological architecture of the crust in the ESFZ, a thickness of 10 km for the RFD should be considered as a mere hypothesis that, however, coincides with the geomorphic and sedimentary observations in the area under study.




5.3. On the Triclinic Strain Nature and the Tectonic History


In Figure 9, we show a triangular diagram of [9] later modified by [12]. The representation of the best fits of the transtensional model to the ESFZ in this diagram helps to visualize the type of transtension acting in the CAVA. The results obtained for the ESFZ are represented inside the triangle of Figure 9, pointing to triclinic transtension and, more specifically, in the field of the simple-shear-dominated transtension or in the transition between simple shear/pure-shear-dominated transtension (Wk ≈ 0.81). Depending on the chosen strike of the deformation band, the simple shear obliquity varies from φ = 20° W (for ESFZ oriented N90° E) to φ ≈ 40–50° W for the segments oriented N110° E. Since the extrusion direction is 0°, both directions are neither perpendicular nor coincident, which automatically implies that we are dealing with a triclinic flow. The authors of [48] proposed that the main faults of the ESFZ could be inherited from the extensional stage related to a roll-back of the subducting slab under the Chortis Block. This extensional process has been experimentally tested by [16], who proposed a discontinuous weak zone associated with the CAVA segments as a necessary condition to reproduce structures similar to those mapped in ESFZ. The triclinic nature of the shear zone can be easily explained if we take into consideration the tectonic evolution of the ESFZ, with an extensional stage that preceded the current tectonics, in which the main faults with a southward dip were generated. Consequently, the current oblique divergence responsible for the transtension found an inclined weakness, and then, the flow in the shear zone has an inevitable triclinic nature. It is important to note at this point that a triclinic transtension does not require the presence of inclined deformation zones. In fact, Figure 3 shows a case of triclinic transtension schematically in a vertical deformation zone. However, it can be shown that if two blocks separated by a steep deformation zone undergo oblique divergence, then the simple shearing direction will be tilted with respect to the azimuth of the boundary of the deformation zone (angle φ ≠ 0°). In such cases, the relative arrangement between the single shear and extrusion directions will differ from 90° or 0°, resulting in triclinic flows. In the case of the ESFZ, the presence of a band of normal faults generated during a previous extensional phase ensures φ values other than 0° during the transtension stage studied in this work.



It is remarkable that for the most evident fault traces at the surface (San Vicente and El Triunfo Faults), which are N90° E oriented, the model-nature fits are notably worse than the ones obtained with the other orientations compared. According to the experimental results, [16] proposed that the weak zone had conditioned the location of “en-echelon” graben or semi-graben-like structures E–W oriented that were reactivated as strike-slip faults during the subsequent and current deformation phase, in which releasing structures are being developed by linking the main segments. When revising the experimental results, we can see that, in the brittle–ductile transition or even in the lower crust, after an extensional stage (2.4% of extension), during the second transcurrent stage (γ = 0.18), oblique shortcuts are produced by linking the main segments that are oriented N110° E (highlighted in blue in Figure 9). The kinematic results of this study might reflect the deformation of a broad crustal band (the entire CAVA) rather than displacement along local or accommodating structures on the surface. Another way to understand why the best results are obtained for N110° E strikes (rather than N90° E) is that this is the strike of the Middle American Trench in El Salvador and the forearc sliver motion promotes the growth of structures within this strike. Finally, the average azimuth of the ESFZ and the associated segment of the volcanic arc (white, dashed lines in Figure 2 and Figure 5) is also parallel to this best-fit azimuth (N110° E) found through the kinematic methodology presented in this work. In short, the model proposed in this work suggests a deformation partitioning in the ESFZ so that most of the crust was subjected to a triclinic transtension according to a deformation zone parallel to the general direction of the volcanic arc and the Middle American Trench (N110° E), whereas, near the surface, some of the previously generated graben and half-graben structures, with an approximate E–W orientation, were reactivated assuming strike-slip displacements.





6. Conclusions


The application of the analytic model of triclinic transtension to the ESFZ reveals that:




	
The flow type in the CAVA crossing El Salvador is triclinic, located in the simple-shear-dominated strain field or close to the transition between pure and simple shear (Wk ≥ 0.81). Depending on the strike of the shear zone, the simple shear obliquity (φ) varies from low to middle values; that is, a deflection (ζ) angle between 40° and 70°.



	
Triclinic transtension is explained if we consider the tectonic evolution of the ESFZ, preceded by an extensional stage that generated south dipping faults, and, as a consequence, the current divergence responsible for the transtension reactivated inclined planes resulting in the triclinic nature of the strain.



	
The deformation features in El Salvador make the constrain of very small deformation, nearly infinitesimal, crucial against the rather scarce evidence of finite strain. However, it is probable that the results might be narrowed down if balanced cross sections in several orientations were available or if data were obtained from fault rocks, veins or dikes that recorded progressive strain.
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Figure 1. (A) Geodynamic sketch of northern Central America with the main regional tectonic features. Red arrows are the GPS site velocities relative to the North American Plate fixed (according to [43]). PF: Polochic fault; MF: Motagua Fault; IG: Ipala graben; CG: Comayagua graben; SIT: Swan Island Transform Fault; JF: Jalpatagua Fault; ESFZ: El Salvador Fault Zone; ND: Nicaraguan Depression; GF: Gulf of Fonseca; HE: Hess Escarpment; CAVA: Central American Volcanic Arc. Orange triangles are the Holocene volcanoes from [44]. Rectangle shows the location of (B) Kinematic model proposed with average velocities of blocks and faults (modified from [38]). The numbers show velocities in mm/yr. Yellow numbers are the strike slip velocities, blue for extension and red for shortening. The large white arrows show the horizontal motion of blocks. The red shaded area shows the Cocos Ridge bathymetric features, and the yellow shaded area represents the Central Costa Rica Deformed Belt (CCRDB). The subduction is segmented in three sections with a different coupling. White triangles show the sutured zip-type plate contact. 
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Figure 2. (A) El Salvador Fault Zone (ESFZ): thicker black lines are the main faults; thinner gray lines are minor faults. Arrows are GPS velocities from the ZFESnet GPS network [17]. Text in red corresponds to the fault names: Cyf = Comecayo Fault; Czf = Coatepeque-Zapotitán Fault; Gf = Guaycume Fault; Svf = San Vicente Fault; Tf = El Triunfo Fault; Smf = San Miguel Fault. Labels in blue are Calderas: CC = Coatepeque Caldera; IC = Ilopango Caldera. (B) Equal area lower hemisphere projection of fault slip data measured in the study area. X, Y and Z are the three principal axes of an infinitesimal strain ellipsoid determined for each site (see Section 3), with the location of each site shown by numbers in (C). (C) Focal Mechanisms available in the study area, whose size depends on earthquake magnitude. Numbers indicate the site of the fault slip data collection. Letters highlighted in purple correspond to San Vicente and El Triunfo faults. 
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Figure 3. Sketch illustrating the main characteristics of the model of general triclinic transtension with oblique extrusion (modified from [10]). Reference frame: X1 is parallel to the strike of the shear zone boundary (szb), X2 is normal to the shear zone boundary and X3 parallel with the true dip direction.     F →  d    is the relative displacement vector between the diverging blocks. The simple shearing direction (characterized by the shear rate,   γ ˙   ) is allowed to deviate from the horizontal, with angle φ measuring the obliquity of the simple shearing flow component. Angle ι between the axis of maximum infinitesimal shortening of the coaxial component (  −   ε ˙     ) and axis X3 is initially considered as 0°. ζ is the acute angle between the simple shearing direction and the maximum shortening direction of the coaxial component. The vorticity vector (   ω →    ) is parallel to the shear zone boundary and normal to the simple shearing direction, and it is the pole to the vorticity normal section (VNS). See main text for further explanations. 
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Figure 4. Equal area, lower hemisphere projection of: (A) X and Z axes derived from the analysis of the fault slip data compiled from all across the ESFZ (Kamb contours with a significance level of 3σ and contour intervals of 2σ); (B) X and Z axes of the areas enclosing San Vicente and El Triunfo faults, respectively; and (C) orientation of the principal axes (X and Z) of the incremental strain ellipsoid for selected fault slip data (see main text). (right diagram) 95% confidence cones are also represented in the elliptic base for X and Z. Tables show the three main axes’ orientation of a Bingham analysis. A minimum and a maximum show the confidence cones of 95% and 99%, respectively. (D) Classification diagram of 54 focal mechanisms enclosed in the area under study. Stereoplots show the P and T axes of the focal mechanisms (Kamb contours with a significance level of 3σ and contour interval of 2σ) and the three main axes from the obtained seismic strain rate (see main text for details). (E) Divergence direction obtained from GPS data considering fixed the northern boundary of the ESFZ. In black, GPS sites are far from the shear zone boundary (SZB); in red, GPS sites are closer to the SZB. GPS stations are indicated below each plot. 
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Figure 5. (A) Black arrows show the orientation of the principal axes of the horizontal strain rate tensors (according to GPS data). White dashed lines are the boundaries of the ESFZ. Colored polygons are the caldera and edifice borders used to constrain the 2D horizontal finite strain ellipsoid IC: Ilopango Caldera. (B) Rose diagram of the orientation of the long axes of the best fit ellipse for each caldera. (C) Rs/θ diagram of the best fit ellipse of each caldera. Rs is the ellipticity (length ratio of long to short axes of each caldera), while θ is the angle that the long axis forms with the azimuth of the ESFZ borders. Colors are the ages of each caldera based on [68,69]: Blue for Holocene, orange for Pleistocene and yellow for Pliocene. 
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Figure 6. Example of the application of the transtensional model to the ESFZ using the orientation of the shear zone of N110° E and φ = 50° W. (A) Step 1 compares (right diagram) the orientation of the principal axes of the measured incremental strain ellipsoids (X, Y, Z and their respective confidence cones, central diagram) with those resulting from the transpression model for various Wk values (left diagram; black symbols: X axes; red symbols: Z axes) in equal area, lower hemisphere plots. (B) Step 2 represents the left shape (axial ratio, Rs) and orientation (θ angle) of the sectional horizontal ellipse of the measured caldera (Caldera and Edifice Borders (CaB) and Carboneras Caldera (CaC) labeled black lines) against the predictions of the model for various Wk values (grey to purple lines); on the right, the projection of the maximum horizontal stretching axis measured by the GPS network (shaded in gray) against the predictions of the model (horizontal θ angle; symbols in black). (C) Step 3 compares the displacement of the bounding blocks predicted by the model for several Wk values and calculated by GPS (red and blue depending on the used data). (D) The bar chart located in the lower part of the figure represents the range of possible Wk solutions for the three steps in colors—green: good fit; orange: fair fit; yellow: poor fit; white: no fit; marking the optimal result (red rectangle) as the range of vorticity values with matching values for all the steps, discarding step 2 due to its lower reliability (see main text). (E) Legend of symbols used to represent the X and Z axes of the strain ellipsoid according to the transtension model and for various Wk values. See text for further explanations. 
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Figure 7. Logarithmic diagrams with the finite strain ellipsoid shapes for several predictions of the analytic model of transtension that show a good fit to the measured natural data. The results do not depend on the actual strike of the ESFZ (N90° E to N110° E) but mainly on φ and Wk. As an example, the trajectory depicted by the ellipsoid shapes from one of the most acceptable fits for a N100° E trending segment of the EFSZ (φ= 30° W, Wk = 0.81) is highlighted with a red line. 
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Figure 8. Sinkage versus time curves computed from the best-fit results of the analytical model of transtension using the equations by [73] conveniently modified for transtension. RFD: Rigid Floor Depth, for 30 (left) and 10 (right) km. 
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Figure 9. (A) Kinematic parameters deduced for the ESFZ plotted on the transpression/transtension deformation triangle. Colors depend on SZB orientation. The triangle is based on that of [9], modified by [12] and adapted for the transtension case. It incorporates dashed lines for transtension obliquity values (φ, given in absolute value) and the kinematic vorticity number (Wk). Pure-shear-dominated transtension and simple-shear-dominated transtension areas are separated, according to [3], by the Wk > 0.81 gray area. (B) Three-dimensional sketch for the ESFZ modified by [16]. Sketch deduced from analogue modeling after 2.4% extensional stage and γ = 0.18 in a second stage. Stereoplot showing the best-fit results obtained after the transtension model application. 
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Table 1. List of the positive results after the application of the model and its reliability.
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Orientation

	
φ (s)

	
Wk

	
Reliability






	
N90° E; 70° S

	
20

	
0.99

	
Poor




	
25

	
0.99




	
0.9999




	
N100° E; 70° S

	
25

	
0.99

	
Fair




	
30

	
0.81

	




	
0.9




	
0.95




	
0.99




	
40

	
0.9

	
Fair




	
0.95




	
0.99




	
50

	
0.9

	
Fair




	
0.95




	
0.99




	
30

	
0.7

	
Poor




	
60

	
0.95

	
Poor




	
0.99




	
N110° E; 70° S

	
50

	
0.7

	
Good




	
0.81




	
0.9




	
0.95




	
0.99




	
40

	
0.7

	
Fair




	
0.81




	
0.9




	
0.95




	
60

	
0.9

	
Fair




	
0.95




	
60

	
0.7

	
Poor




	
0.81
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