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The tectono-magmatic relationships along obliquely convergent plate boundaries, where strain partitioning promotes strike-slip structures along the volcanic arc, are poorly known. Here it is unclear if and, in case, how the strike-slip structures control volcanic processes, distribution and size. To better define the possible tectono-magmatic relationships along strike-slip arcs, we merge available information on the case study of Sumatra (Indonesia) with field structural data. The Sumatra arc (entire volcanic belt) consists of 48 active volcanoes. Of these, 46% lie within 10 km from the dextral Great Sumatra Fault (GSF), which carries most horizontal displacement on the overriding plate, whereas 27% lie at >20 km from the GSF. Among the volcanoes at <10 km from GSF, 48% show a possible structural relation to the GSF, whereas only 28% show a clear structural relation, lying in pull-aparts or releasing bends; these localized areas of transtension (local extensional zone) do not develop magmatic segments. There is no relation between the GSF along-strike slip rate variations and the volcanic productivity. The preferred N30°-N40°E volcano alignment and elongation are subparallel to the convergence vector or to the GSF. The structural field data, collected in the central and southern GSF, show, in addition to the dextral motions along NW-SE to N-S striking faults, also normal motions (extending WNW-ESE or NE-SW), suggesting local reactivations of the GSF. Overall, the collected data suggest a limited tectonic control on arc volcanism. The tectonic control is mostly expressed by the mean depth of the slab surface below the volcanoes (130 ± 20 km) and, subordinately, local extension along the GSF. The latter, when WNW-ESE oriented (more common), may be associated with the overall tectonic convergence, as suggested by the structural data; conversely, when NE-SW oriented (less common), the extension may result from co- and post-seismic arc normal extension, as supported by the 2004 mega-earthquake measurements. Overall, the strike-slip arc of Sumatra has intermediate features between those of extensional and contractional arcs.
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INTRODUCTION

The relations between magmatism and regional tectonics have been object of several studies in the last decades, especially along divergent plate boundaries, where the crucial role of magmatism on the development of the plate boundary has been repeatedly highlighted. In fact, recent diking episodes in Afar (Asal-Ghoubbet, 1978; Dallol, 2004; Dabbahu, 2005), Iceland (Krafla, 1975-1984; Bárðarbunga, 2014), Tanzania (Lake Natron, 2007) and Red Sea (Harrat Lunayyr, 2009; southern Red Sea, 2011-2013) have shown the importance of transient magmatic events in the opening of rift zones (e.g., Ruegg et al., 1979; Rubin and Pollard, 1988; Tryggvason, 1994; Wright et al., 2006; Calais et al., 2008; Pallister et al., 2010; Nobile et al., 2012; Sigmundsson et al., 2015; Xu et al., 2015). These intrusions cluster in magmatic segments parallel to the rift axis, which are characterized by the focusing of tectonic and magmatic activity, with the development of rift-parallel eruptive fissures (Gudmundsson, 1995; Ebinger and Casey, 2001; Acocella, 2014).

Our knowledge on the tectono-magmatic relationships in volcanic arcs along convergent plate boundaries is less advanced, and depends on the kinematics of the structures along the arc, which usually reflects the overall plate motion convergence (Acocella and Funiciello, 2010). Magma-assisted processes similar to those observed in rifts may occur also along magmatic arcs experiencing extension, as the Taupo Volcanic Zone of New Zealand (Acocella et al., 2003; Rowland et al., 2010; Allan et al., 2012). Indeed, the tectono-magmatic architecture of “highly” extending arcs (~1 cm/year or more) is similar to that of moderately extending continental rifts (Acocella, 2014). Contractional arcs are less common: along the contractional arc of NE Japan proper arc-parallel magmatic systems are lacking and the linear mode of magmatic accretion below the arc becomes generally punctiform at the surface (Acocella et al., 2008; Acocella, 2014). Many magmatic arcs are also characterized by significant strike-slip motion promoted by strain partitioning induced by the oblique convergence between the two interacting plates (e.g., McCaffrey, 1992; Lallemant, 1996; Acocella and Funiciello, 2010): examples include the Southern Andes, the Central American Volcanic Arc, the Mexican Trans Volcanic Belt, the Philippines, the Kurile arc and the Sumatra arc. These arcs undergoing strike-slip motions are known only in their very general features, with volcanism inferred to be often associated with local extension created by the activity of pull-aparts, releasing bends or dilational jogs (i.e., DeMets, 1992; Tibaldi, 1992; Ego and Ansan, 2002; Pasquarè and Tibaldi, 2003; Corti et al., 2005; Rosenau et al., 2006; Cembrano and Lara, 2009; Tibaldi et al., 2010; Shabanian et al., 2012). These general relations between volcanism and strike-slip structures are largely confirmed by the deeper structure of extinct and eroded magmatic arcs: there pluton emplacement has been most commonly associated with the local extension created by strike-slip systems (e.g., Tobisch and Cruden, 1995; Acocella and Funiciello, 2010, and references therein). However, recent studies on active volcanic arcs inferred to experience significant strike-slip motion, as the central Aeolian arc (Italy; De Astis et al., 2003), suggest a tectonic reorganization with predominant magma-induced extension at the surface, without evident strike-slip faulting (Ruch et al., 2016).

The Sumatra arc shows a significant obliquity and, as such, it constitutes an ideal site to understand and define the tectono-magmatic relationships in strike-slip arcs. Here the available information suggests that volcanism focuses along major strike-slip systems (Bellier and Sébrier, 1994; Bellier et al., 1999): however, detailed studies are lacking, so that the exact relationships between strike-slip structures and magmatism remain elusive, leaving a crucial knowledge gap (Acocella, 2014, and references therein). Indeed, despite the general spatial coincidence between the location of strike-slip faulting (along the dextral Great Sumatra Fault, or GSF) and volcanic activity, there are very limited data describing the local structural control on volcanism: knowledge gaps include the definition of the existence, configuration, shape and size of the magmatic systems, the definition of the relationships between the main tectonic structures and the rise, emplacement and eruption of magma. Also, the presence of large magmatic systems, as below the huge Toba caldera, lying a few tens of km to the east of the GSF (see section below; Genrich et al., 2000) constitutes a puzzling context to explain any structural control on volcanic activity. Therefore, more studies are needed to evaluate the detailed relationships between the development of GSF and the volcanoes on Sumatra.

These important gaps should be filled also to define the tectono-magmatic relationships of arcs in strike-slip settings and place these in the broader context considering the different kinematics of the plate boundaries and, in turn, relate these to their magmatic outcome, providing a comprehensive framework (e.g., Chaussard and Amelung, 2012). The latter should also take into account for the possibility of transient kinematic inversions during and after mega-earthquakes, as observed in NE Japan after the 2011 Tohoku earthquake (Ozawa et al., 2011; Simons et al., 2011; Takada and Fukushima, 2013) and in Southern Chile (Sepulveda et al., 2005; Vigny et al., 2011; Pritchard et al., 2013; Lupi and Miller, 2014). In both cases, mega-earthquakes promoted the transient (co- and post-seismic) inversion of the major tectonic structures, also affecting magmatic activity (Lara et al., 2004; Takada and Fukushima, 2013). In fact, earthquake-induced extension along volcanic arcs may enhance diking, bubble nucleation, magma mixing and thus increase the possibility of an eruption (Walter and Amelung, 2007). Understanding how these transient kinematic variations may affect the structure of a volcanic arc is also crucial to explain the presence and orientation of apparently anomalous volcanic features, otherwise not easily reconciled with the longer-term inter-seismic kinematics of an arc.

This study aims at: (1) better defining the main structural (including distribution, geometry and kinematics of the main structures) and volcanic (including volcano type, elongation, distribution, alignment, volume) features of the volcanic arc of Sumatra and (2) to consider their possible relationships, in order to propose a general tectono-magmatic model of Sumatra. To this aim, we use available tectonic, structural and volcanological data, matched with original structural data collected at two selected portions of the volcanic arc. The obtained results are briefly considered in a more general framework relating the tectono-magmatic model proposed for Sumatra to that available for extensional and contractional arcs, as well as for divergent plate boundaries.

TECTONIC SETTING OF SUMATRA

Sumatra exposes part of the oblique convergent boundary between the Indian and Eurasian plates; while contraction dominates on the offshore portion, the Great Sumatra Fault (GSF) carries most of the onland strain, with predominant dextral motion; this highlights an almost full partitioning of the deformation (dip-slip motion in the proximal part of the overriding plate, toward the trench, and strike-slip motion in the distal portion of the plate, along the magmatic arc; Figure 1; e.g., Bellier and Sebrier, 1995; Baroux et al., 1998; Bellier et al., 1999; McCaffrey et al., 2000; Bradley et al., 2017). The GSF propagated southwards, in central-southern Sumatra, from ~2 Ma (Figure 1; Sieh and Natawidjaja, 2000). It is usually active as a vertical plane down to depths of ~15 km, as revealed by the associated seismicity arriving nearly to the base of the considerably brittle crust (e.g., Widiwijayanti et al., 1996; Genrich et al., 2000; Natawidjaja and Triyoso, 2007; Weller et al., 2012). No information is available on the continuation of the GSF within the ductile crust, even though recent studies in similar tectonic settings (South Chile subduction zone) suggest a curving of the fault at depth (Catalan et al., 2017). The GSF is segmented and consists of at least 19 major NW-SE trending subparallel branches, also forming strike-slip duplexes, with a northward increase of segment length and slip rate from 5 to 26 mm/year (Figure 1; Bellier et al., 1991, 1997; Duquesnoy et al., 1996; Genrich et al., 2000; Prawirodirdjo et al., 2000; Sieh and Natawidjaja, 2000; Natawidjaja and Triyoso, 2007; Nakano et al., 2010; Weller et al., 2012; Ito et al., 2016; Bradley et al., 2017). Overall, most (>80%) of the GSF consists of a narrow (a very few km wide) zone of deformation along a main dextral segment; limited parts (<20%) of the GSF may show offset segments, overlapping at times, or may be only inferred (Sieh and Natawidjaja, 2000, and references therein). Geomorphic offsets along the fault range as high as 20 km and may represent only the most recent displacement, with other unidentified structures having accommodated the dextral component of oblique convergence in the last million years (Sieh and Natawidjaja, 2000). Interaction between offset dextral segments along the GSF creates repeated areas of localized extension (e.g., Nakano et al., 2010), in a context of overall NNE-SSW trending maximum compression (Mount and Suppe, 1992). Outside the GSF (at its southern termination), the main extensional structures on Sumatra, NNE-SSW to NE-SW oriented, are subparallel to this maximum compression (Pramumijoyo and Sébrier, 1991).
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FIGURE 1. Overview of Sumatra Island, showing the location of the active volcanoes (red triangles from the Smithsonian Global Volcanism Program, red triangles with black frame from Sieh and Natawidjaja, 2000) considered in this study and the GSF.



Arc volcanism has been accompanying convergence at least from the Mesozoic. While the Late Miocene volcanism in northern Sumatra is scattered, in the southern part volcanism focuses to the west, generally overlapping with the Quaternary volcanism, even though the latter is possibly more shifted to the west (Rock et al., 1982). An important part of the Quaternary volcanism focuses along the GSF (Figure 1; Sieh and Natawidjaja, 2000). Quaternary volcanics are mainly calc-alkaline andesites, dacites, and rhyolites with few basalts; their overall composition is genetically homogeneous, derived from <10% of assimilation of crustal material by uprising melts from the Indian Ocean-type mantle wedge (Rock et al., 1982; Gasparon and Varne, 1998; Gasparon, 2005). The mean spacing between volcanoes shows two peaks at ~25 km and ~65 km (de Bremond d'Ars et al., 1995). Most volcanoes consist of stratovolcanoes or composite volcanic edifices, with monogenic vents on their flanks. At times, calderas are also present. The magmatic arc may locally help the partitioning process by localizing the margin-parallel shear strain in the upper plate, controlling the rupture process and seismic moment release along the GSF (Widiwijayanti et al., 1996; McCaffrey et al., 2000).

The overall relationships between the Sumatran volcanic arc and the GSF are unclear. On the one hand, the volcanic arc focuses in correspondence to the GSF, which may influence the distribution of the volcanoes (e.g., Bellier and Sébrier, 1994). On the other hand, some studies suggest that the Sumatra fault zone and the volcanic arc act independently and that the proximity of the volcanoes to the fault is a “random occurrence” (Sieh and Natawidjaja, 2000): for example, out of 50 active volcanoes, only 9 are within 2 km of the GSF, while the rest lie at an average of 10 km from the fault at the surface. Accordingly, the distribution of volcanoes relative to the GSF suggests that the modern magmatic arc should have not created any weak crustal zone that has favored the concentration of shear (Sieh and Natawidjaja, 2000). Also, immediately north of Sumatra, in the Banda Aceh region, the volcanic arc is shifted eastward (in the extensional Weh Basin) with regard to the northern continuation of the GSF, partitioned in a western contractional zone and an eastern dextral zone (Ghosal et al., 2012; Fernandez-Blanco et al., 2016). Even though the latter may postdate the volcanic arc, here there is no evidence of a direct link between the GSF and volcanism.

The largest and most representative volcanic complex is Toba Caldera, located along a major bend in the subducting plate below, probably characterized by a tear reactivating a pre-existing fracture zone (Figure 1; Fauzi et al., 1996; Pesicek et al., 2008; Hall and Spakman, 2015; Koulakov et al., 2016). Toba is the site of Earth's largest Quaternary eruption, ejecting ~3000 km3 of magma, after at least 150,000 years of storage and evolution (Vazquez and Reid, 2004; De Silva et al., 2015). The caldera has an elliptical shape with a pronounced NW-SE elongation, parallel to the nearby GSF segment, and it has been interpreted as due to a presently inactive stepover between dextral segments (Detourbet et al., 1993). However, the structural relationships between the GSF segment and the caldera structure are not obvious; in fact, the segment lies ~10 km to the SW of the western caldera rim, and geodetic modeling shows that slip of the GSF segment currently focuses several km SW of the geologic fault plane (Genrich et al., 2000). The magma reservoir below the caldera consists of stacked sills down to a depth of 7 km; this reservoir lies on top of a low velocity anomaly almost extending down to the top of the slab (Sakaguchi et al., 2006; Koulakov et al., 2009; Stankiewicz et al., 2010; Chesner, 2012, and references therein; Jaxybulatov et al., 2014). Other volcanic areas host calderas (as Ranau caldera; Bellier and Sébrier, 1994; Natawidjaja et al., 2017), stratovolcanoes (between 600 and 3800 m high), domes and geothermal activity (Gasparon, 2005). The latter includes the Sarulla graben (Hickman et al., 2004) and the Tarutung and Silangkitang geothermal areas, where the fluid pathways are related to pull-aparts (Muksin et al., 2013, 2014), negative flowers (Nukman and Moeck, 2013) and subvertical (Moore et al., 2001) splays of the GSF. In the latter case, the geothermal reservoir appears centered along the fault zone, where the highly fractured and hydrothermally altered rocks serve as main conduits for vertical fluid flow from deeper magmatic sources (Moore et al., 2001). The geothermal and other volcanic areas seem mostly located along splays of the GSF, inferred to carry local extension in between, possibly above active shallow magma chambers, at 1–3 km depth (Widiwijayanti et al., 1996; Bellier et al., 1999; Chaussard and Amelung, 2012).

The most recent evolution of Sumatra has been characterized by widespread seismicity, with seismic hazard being expected to increase northwards (Beaudoin et al., 1995; Bellier et al., 1997). A narrow seismic gap characterized the volcanic areas during the aftershock sequence of the 1994 M6.8 Liwa earthquake, in southern Sumatra, suggesting that the rupture process is also controlled by the location of magma (Widiwijayanti et al., 1996).

GPS data in the northern part of Sumatra show that the co- and post-seismic displacement after the 2004 M9.2 Sumatra-Andaman mega-earthquake was characterized by significant SW motion (several tens of cm of co-seismic displacement, plus tens of cm in the first year after the earthquake) of the volcanic arc region (Subarya et al., 2006; Gahalaut et al., 2008; Shearer and Burgmann, 2010). The 2004 mega-earthquake was followed, 1 month later, by a seismic swarm in the Andaman Sea north of Sumatra (Kundu et al., 2012) and volcanism, as testified by a submarine eruption (Kamesh Raju et al., 2012). In particular, this seismicity is at first consistent with the regional tectonic setting and, subsequently, with the involvement of fluids, also magmatic, producing normal faults along a NNE-SSW direction (Kundu et al., 2012).

Limited information is available on the depth to the magma reservoirs below the volcanoes of Sumatra. The inversion of InSAR data from two Sumatran volcanoes inflating from 2006 to 2009 suggests very shallow magmatic sources, at depth of 1 km or less (Chaussard and Amelung, 2012).

METHODOLOGY

Here we review and discuss the available data concerning the tectono-magmatic features of western Sumatra, in particular those regarding the tectonic setting of the plates (obliquity variations in convergence, depth of the slab surface below the volcanic arc, trench distance from the volcanic arc and the GSF), the structure of the GSF (slip rate, fault configuration) and the volcanic arc (distribution of active volcanoes, volcano elongation and vent alignment, minimum erupted volumes); these features have been mostly quantified and summarized in Table 1, which includes also an essential reference list.


Table 1. Summary of the main tectonic, structural and magmatic features of the active volcanoes on Sumatra. See text for details.
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The considered tectonic and structural data have been largely published (Bellier et al., 1999; Genrich et al., 2000; Sieh and Natawidjaja, 2000; Natawidjaja and Triyoso, 2007); these studies highlight the current static geometry of the GSF, neglecting any longer-term variation, due to the evolution of stepovers, pull-aparts and relay zones, as highlighted by Bellier and Sébrier (1994), or of the plate tectonic boundary variations (Detourbet, 1995).

The volcanic data have been extracted and quantified considering available digital elevation models (largely taken from GeoMapApp; http://www.geomapapp.org), satellite images available on Google Earth (https://www.google.com/earth/); geological maps from the Geological Research and Development Centre, Bandung (usually at the 1:100,000 scale, plus more detailed maps on selected volcanoes at the 1:25,000 and 1:50,000 scale). The selection of the Quaternary volcanoes has been made merging the data from the Smithsonian Global Volcanism Program (SGVP; http://volcano.si.edu) and the information contained in the detailed study of Sieh and Natawidjaja (2000); the latter includes 13 more volcanoes with respect to the SGVP database, inferred to be <100,000 years old. Both the elongation of the volcanic edifice and the alignment of the flank vents within have been used to try to define the preferred structural control of the volcano, in order to try to relate this to the known structural trends in Sumatra. The erupted volumes refer, in absence of more precise information, to the volume of the volcanic edifice, or of the depression hosting the caldera; these provide minimum estimates of the erupted volumes and should, with the exception of the volumes erupted at Toba, not be considered as Dense Rock Equivalent (non-DRE; see caption of Table 1). The uncertainties related to these volume estimates (due to erosion, burial, unknown thicknesses, ash dispersal) are common to all the volcanoes, providing a recurrent and systematic bias in our analysis. Therefore, as these minimum volume estimates are considered in a relative way, they can be used to compare the relative production along the volcanic arc. For details on the related errors, see Table 1.

In addition, we present original structural field data collected along the central and southern portions of the GSF (location shown by dotted boxes in Figure 1). The structural field data, seldom reported in the literature, allow better characterizing the deformation pattern of the GSF. The faults have been kinematically characterized, using slip data obtained from the identification and measurement of the slickenlines on the fault planes. Measurements involved the determination of the pitch and possible sense of motion. The latter was determined considering the presence and orientation of micro- and meso-indicators on the fault plane (e.g., Fossen, 2010). The slip data are derived from the pitch of the slickenlines, that is the angle which a fabric makes to the strike direction. Here we use the convention that pitch values range from −90° to +90°; these correspond to pure strike-slip motions, whereas pitches = 0° correspond to pure dip-slip motions.

The structural data have been also inverted to infer the possible stress field. To determine states of stress, we performed a quantitative inversion of distinct families of fault slip data measured at each individual site, using the method originally proposed by Carey (1979). This fault kinematics inversion method computes a mean best fitting deviatoric stress tensor from a set of striated faults by minimizing the angular deviation (misfit angle) between a predicted slip-vector and the observed striation (Carey, 1979). The inversion results include the orientation (azimuth and plunge) of the principal stress axes (σ1 > σ2 > σ3, corresponding to maximum, intermediate and minimum stress axis, respectively) (e.g., Carey and Brunier, 1974; Mercier et al., 1991; Bellier and Zoback, 1995, and references therein).

RESULTS

General Tectono-Magmatic Features of the arc

Available data highlight a vertical geometry of the GSF in the brittle crust (e.g., Weller et al., 2012), suggesting that the surface trace of the GSF is representative of its location in the upper crust. Moreover, the extremely focused (very few km wide) area of deformation along the GSF (Sieh and Natawidjaja, 2000) suggests that the distance of a volcano from the fault can help discriminating any structural control of the GSF on volcanism. Basing on these considerations, the distribution of the 48 Quaternary volcanoes with regard to the location of the GSF at the surface in Sumatra is considered and summarized in Figure 2A. This shows that, while 46% of the volcanoes lie at <10 km from the GSF, 27% lie at >20 km from the GSF; a similar distribution was already proposed by Sieh and Natawidjaja (2000). The histogram in the inset of Figure 2A shows how, excluding the volcanoes at distance <10 km from the GSF, with the exception of the three volcanoes with the highest negative distance, all the remaining volcanoes are located to the east of the GSF; this indicates that, despite the general SE decrease in the arc-trench gap, approximately one third of the volcanoes does not have any clear connection with the GSF. To investigate whether there is any correlation with the general tectonic setting, we report the location of the volcanoes as a function of the distance from the trench (Figure 2B) and the depth of the slab surface (Figure 2C). There is a slight southward decrease in the distance of the volcanoes from the trench, from 290 to 330 km at the northern tip of Sumatra to the 260–300 km at the southern tip (Figure 2B). This decrease may be related to the overall higher dip of the slab below the southern part of the island, as supported by tomographic data (Hall and Spakman, 2015). The average depth of the slab below the volcanoes seems to slightly decrease southward (Figure 2C), even though with a less evident gradient and higher scatter. The frequency distribution in the inset in Figure 2C shows an approximately normal distribution and suggests that the most common depth of the slab below the volcanoes is 130 ± 20 km, even though several outliers exist, especially to the east.
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FIGURE 2. Distribution of volcanoes along Sumatra (from NE, to the left, to SW, to the right) as a function of the distance from GSF (A), from the trench (B) and as a function of the slab depth (C). Empty circles in (A) highlight the 19 volcanoes which may be related to the GSF activity, according to the conditions described in Table 1 (“GSF tectonic control”).



The slab depth is representative of the stability of the hydrated minerals, and thus of the release of the fluids generating the magmas at shallower levels; therefore, the depth of the slab below the volcanoes may control their location. This implies that the lateral variability in the location of the volcanoes along the arc (see Figure 2B) may be explained by the non-uniform dip of the slab below Sumatra (Hall and Spakman, 2015). To test this possibility, we compare the location of the volcanoes to the mean depth of the slab below them. In particular, the distribution of the volcanoes as a function of the distance from this mean depth of the slab at 130 ± 20 km, as well as from the GSF, is reported in Figure 3. In Figure 3 the mean depth of the slab at 130 km coincides with the 0 km depth on the X-axis. This figure shows that a part of the volcanoes clusters at the mean depth of the slab (slab depth-controlled dashed line), while a part clusters at a minimal distance from the GSF (GSF-controlled dashed line). However, a significant amount of volcanoes lies in between the two dashed lines, suggesting a location independent of both the GSF and the depth to the slab. This distribution implies that other mechanisms, in addition to the slab depth and the location of the GSF, may determine the location of the volcanoes in Sumatra.
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FIGURE 3. Distribution of volcanoes as a function of the mean depth of the slab (considering a reference of 130 km, see Figure 2C) and of the GSF. See text for details.



In order to understand more in detail the distribution of the volcanoes with regard to the location of the GSF, we first extract the volcanoes lying above a shallower or deeper slab (i.e., slab depth z ≤ 115 km or >145 km, respectively, which represent the 20th and 80th percentiles of the distribution of the depth of the slab in the dataset); the location of these volcanoes may be partly controlled by factors different from the slab depth, such as a local weakness caused by the GSF (Figure 4A). We then compare the distribution of the distances of these volcanoes from the GSF to the distance of all the other volcanoes from the GSF, considering that, in case the position of the former volcanoes is GSF-controlled, their distance should be significantly smaller than the one of the latter group. We test such possible difference by means of two nonparametric statistical tests, i.e., the Kolmogorov-Smirnoff two-sample test and the Mann-Whitney-Wilcoxon test (Hollander and Wolfe, 1973). In particular, the former test compares the Empirical Cumulative Distribution Functions (ECDF) of the distance volcano-GSF in the two groups (see Figure 4B), under the null hypothesis that they are two independent samples drawn from the same continuous distribution; the latter test is for equality of two samples' medians. The tests on the distance between volcanoes and the GSF in the two groups show that: (1) in the case of volcanoes overlying deeper slabs, the distribution of their distances from GSF is significantly different, and in particularly takes much larger values than the ones of the other volcanoes; this excludes a control of GSF on their positioning; (2) in the case of volcanoes overlying shallower slabs, there is no statistical difference: in particular, both the Kolmogorov-Smirnoff two-sample test and the Wilkocoxon-Mann-Whitney test provide p-values > 5%, highlighting no significant differences in the shape/tails and in the median of the ECDF of the volcanoes-GSF distance, respectively, in the two groups of volcanoes. This implies that the location of volcanoes above slabs at different depths has no evident relationship with their proximity to the GSF. Figure 4A also shows that volcanoes within the NW half of Sumatra are generally farther away from the fault with respect to the ones within the SE half. We look for potential differences in the ECDF of the distance volcano-GSF in these two portions of the GSF (Figure 4C); in this case, this difference is confirmed both by means of the Kolmogorov-Smirnoff two-sample test and the Wilkocoxon-Mann-Whitney test (p-values < 1% in both cases). This difference confirms that there is an overall closer spatial relationship between the volcanoes and the GSF in the southern half of Sumatra.
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FIGURE 4. (A) Distance of the GSF (black line) and of the Sumatran volcanoes (green triangles), also characterized by a shallower depth z of the slab (in blue), from the trench; the dashed vertical line divides the NW portion of the island from the SE portion. (B) ECDF of the distance between the volcanoes and the GSF, considering the depth of the slab z (z > 115 km and z ≤ 115 km); (C) ECDF of the distance between the volcanoes and the GSF, considering the location of the volcanoes (NW or SE portion of Sumatra). See text for details.



Of the 25 volcanoes (46% of population) lying within 10 km from the GSF, only 7 (28%) have an evident structural relationship with the configuration of the fault segments of the GSF. These volcanoes are in fact located within pull-apart or releasing bend zones formed by offset dextral segments, and it is likely (“likely control”) that here the rise of the magma may have been associated with the local extension created by the activity of nearby GSF structures. Other 12 volcanoes (48% of data) also lie along major splays of the GSF, even though their location with regard to areas of localized extension is uncertain: overall, these volcanoes show a “probable” to “possible” structural control of the GSF. The reminder 6 volcanoes (24% of data) lie outside the major splays of the GSF and thus do not have any evident structural connection with the latter; while we cannot discard any structural control of the GSF, this appears unlikely.

Figure 5 shows three examples of possible structural control of the 19 volcanoes found along the GSF (Figure 2A; Table 1). In particular, the figure shows an example of volcano located with an area of localized extension, very likely controlled by the GSF structure (a; pull apart-releasing bend in Table 1), between two major splays of the GSF (b; probable link to GSF) and along the GSF (c; possible link to GSF). We recall that our analysis regards the present-day structure of the GSF, without considering its recent evolution and modifications, also in terms of segment interaction and linkage. On the one side, this implies that some of the volcanoes, even large calderas, may have been located, during their formation, along localized areas of extension (releasing bends, pull-aparts) between strike-slip segments which may have presently been partly obliterated by their linkage. On the other side, several features suggest that this limitation may not be really significant for this study, as: (a) the lifespan of the active stratovolcanoes should be in the order of a very few tens of thousands of years, similar to other volcanic edifices worldwide; (b) over such time spans, the overall architecture of the GSF is expected not to change dramatically, nor to obliterate previously formed structures (as releasing bends or pull-aparts); (c) it is unlikely that volcanoes distant from the GSF (>20 km) were controlled by the GSF in the past more than they are now. These features suggest that any variation in the geometry of the GSF in the last tens of thousands of years should not have produced significant variations in the structural control of the volcanoes.
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FIGURE 5. Examples of volcanoes (purple areas) very likely (a), probably (b), and possibly (c) controlled by the GSF structures (red lines; dashed when inferred). Schematic GSF structure taken from Sieh and Natawidjaja (2000).



As far as the productivity of the volcanic arc is concerned, there is an overall similar estimated erupted budget along the island, with the evident exception of Toba (Figure 6A). Even though the volumes of Toba are DRE, assuming a first-order but likely correction of 0.5 for the non-DRE equivalent (e.g., Rose and Chesner, 1987), the obtained value is still 1-2 orders of magnitude larger than that of the other Sumatran volcanoes. This exceptional productivity can be explained by the presence of a tear in the slab below Toba (Fauzi et al., 1996; Hall and Spakman, 2015). The volcanoes with an evident or possible link to the GSF do not usually show the highest erupted volumes, suggesting that the structural setting may enhance the location of a volcano, but not its longer-term production. The diagram in Figure 6A also shows the known longer-term (geological) slip rates along the GSF; with the exception of the northern tip of Sumatra, there is an overall southward decrease in the slip rate of the segments of the GSF, from 38 to 5.5 mm/year. There is no significant correlation between the variation of the erupted volumes along the arc and the known slip rates of the GSF (visually from Figure 6B, and quantitatively by means of a significance test on the Spearman correlation coefficient), both including and excluding Toba caldera from the test; therefore, the similar erupted volumes along Sumatra suggest that the volcanic productivity does not depend upon the activity (slip rate) or the crustal structures. The only exception may be Toba. However, because Toba is an isolated case, the highest slip rates in the northern part of Sumatra should not be considered to impact the highest erupted budget on Toba.
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FIGURE 6. (A) Non-DRE (except for Toba) erupted volumes and GSF slip rates along the Sumatra arc; (B) GSF fault slip vs. non-DRE erupted volumes at Sumatra; (C) Log of non-DRE erupted volumes as a function of the obliquity of convergence, expressed as the ratio between the amount of parallel convergence (Vcp) and that of orthogonal convergence (Vcn); see text for details.



We finally consider the productivity of the arc volcanoes as a function of the obliquity of convergence. In fact, previous studies suggested a possible correlation between the amount of arc-parallel convergence and the erupted volumes along the Sumatra Arc (Bardintzeff et al., 2000; Bellier et al., 2000). To this aim, we considered the ratio between the amount of convergence parallel to the arc (Vcp) and that orthogonal to it (Vcn), as previously calculated for six portions of the Sumatra arc (Heuret and Lallemand, 2005; Lallemand et al., 2005) and compared this to the estimated erupted volumes (Table 2) for the same arc portions. The results show that there is a significant linear correlation (R2 = 0.86, p-value = 3%) between the amount of obliquity and the magmatic productivity when including Toba (Figure 6C), even though such relationship disappears when excluding the volume erupted by Toba (white circle in Figure 6C). Considering Toba confirms that the larger is the amount of arc-parallel convergence along Sumatra, the larger is the magmatic productivity.


Table 2. Location (lat., long. and width), velocity of convergence (total convergence Vc, normal and parallel convergences, Vcn and Vcp, respectively, all in mm/yr) and erupted volumes (see Table 1) of segments of the volcanic arc of Sumatra, as proposed in Heuret and Lallemand (2005) and Lallemand et al. (2005).
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There is also a significant positive correlation (ρSpearman = 0.35, p-value = 2%; Figure 7A) between the volume erupted by the volcanoes and the depth of the slab beneath them: generally, the deeper the slab, the larger the erupted volume. This may be explained by the fact that a higher percentage of fluids may be released from the slab at higher depths, also depending on the thermal state of the slab (Reynard, 2016). Two further significant correlations are found. A first one (ρSpearman = 0.43, p-value < 1%; Figure 7) between slip rate along the GSF and the distance of the GSF from the trench: the farther the GSF from the trench, the faster it slips. This may be explained by the fact that strain partitioning on the overriding plate may be more effective when the strike-slip domain lies farther from the trench. The other correlation (ρSpearman = 0.47, p-value < 1%; Figure 7) is found between the slip rate along the GSF and the distance between the volcanoes and GSF: the faster the GSF slips, the farther the volcanoes are from the GSF. We do not have any specific explanation for this behavior, and look forward for its confirmation and better understanding with other cases elsewhere.
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FIGURE 7. (A) Log of the erupted volumes along the Sumatra arc as a function of the slab depth; (B) Slip rate of the GSF as a function of the distance between the trench and the GSF. (C) Slip rate of the GSF as a function of the distance between the volcanoes and the GSF. See text for details.



The spacing of the volcanoes along a distance parallel to the arc highlights an overall asymmetric long-tailed distribution, peaking at a distance between 10 and 20 km (Figure 8A). A partly similar distribution, even though with two distinct peaks probably related to the minor amount of data, was previously described; indeed, our asymmetric long-tailed distribution is consistent with that of other volcanic arcs, and may reflect the repeated reactivation of plumes pathways at depth (de Bremond d'Ars et al., 1995).
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FIGURE 8. (A) Spacing, (B) orientation (from west to east) of the elongation and (C) alignment of the volcanoes along the Sumatra arc.



Both the volcano elongation and the vent alignment peak in correspondence of NNE-SSW to NE-SW trends (Figures 8B,C), parallel or subparallel to the convergence vector. However, while the peak is evident in the vent alignment, the elongation of the volcanoes shows a larger scatter, with subordinate NNW-SSE to NW-SE orientations. These are parallel or subparallel to the GSF trend, suggesting a control of the faults on the elongation of some volcanoes. No evident across-arc variation of the volcano elongation or vent alignment has been observed.

Finally, despite the elongation and alignment of volcanoes, any evident continuation of the volcanic field outside the main volcanic edifice, through aligned monogenetic cones, has not been observed or reported on Sumatra; in fact, volcanic activity remains largely confined within the stratovolcanoes.

The Structural Data

The structural data consist of a set of faults measured at several sites along and immediately to the side of the GSF, along its major splays. These faults are well developed at the outcrop scale and accompanied by widespread tectonic breccia; these structures also lie in correspondence of active fault traces observed on remote sensing data (satellite images and DEMs), underlying their importance at a wider scale. These features suggest that these faults are important splays of the GSF, with possible displacement in the order of tens to hundreds of meters. The structural field data are illustrated in Figure 9 (central GSF) and Figure 10 (southern GSF). These data have been grouped into plots summarizing the reconstructed structural evolution of each area, based on cross-cutting relationships among faults with different strike and kinematics, and among different striations (pitch values) on the same fault plane. As far as the central part of the GSF is concerned, the structural data have been collected along the main splays of the GSF, with the exception of site 1, within Quaternary deposits (volcano sedimentary, alluvial fans, fluvial). While some data (plots A, C and, partly E) show a predominance of NNW-SSE striking faults parallel to the GSF, others (plots D, B and, partly, E) show that WNW-ESE striking fault systems may locally predominate. These two main trends are also highlighted in the strike distribution of the faults reported in Figure 11A, peaking at ~N-S and ~WNW-ESE directions. From a kinematic point of view, the NNW-SSE striking systems show extensional to dextral transpressional motions (plots A, C and E; Figure 9); conversely, the WNW-ESE faults show both a dextral (these faults usually have a more NW-SE direction and higher dip; plot D, Figure 9) and reverse displacements (these faults usually have a more E-W direction and lower dip; plot B, Figure 9). The variability in the kinematics of the faults is also expressed by the distribution of the pitch values of the faults (Figure 11B). These peak in the dip-slip domain (associated to both normal and thrust faults), as well as in the oblique and strike-slip (dextral) domain. These faults indicate that along the dextral GSF, in addition to the NW-SE striking dextral splays, the deformation pattern may be complicated by ~N-S striking normal faults and WNW-ESE striking thrust faults. The inversion of the structural data highlights a ~WNW-ESE extension direction, associated with a NNE-SSW direction of maximum compression (Figure 9), suggesting the GSF kinematics varies between transtension and transpression.
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FIGURE 9. Overview of the collected structural field data, along the central portion of the GSF, on lower hemisphere stereograms of fault slip data together with the inversion results characterizing stress regimes. Numbers at bottom right of stereograms refer to the sites where the structural data have been measured (location in the map). Letters at upper left of stereograms (from A to E) are used as reference in the text. The used inversion method (e.g., Carey, 1979) assumes that the slip represented by the striation occurs in the direction of the resolved shear. Deviatoric principal stress axes: σ1, σ2, σ3, are the compressional, intermediate and extensional deviatoric axes, respectively. The age of the faulted formation is also reported. The exact location for the deviatoric principal stress axes could not be determined in (D) because of the relatively few (five) and clustered (four out the five) data.
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FIGURE 10. Overview of the collected structural field data, along the southern portion of the GSF, on lower hemisphere stereograms of fault slip data together with the inversion results characterizing stress regimes. Numbers at bottom right of stereograms refer to the sites where the structural data have been measured (location in the map). Letters at upper left of stereograms (from F to I) are used as reference in the text. The used inversion method (e.g., Carey, 1979) assumes that the slip represented by the striation occurs in the direction of the resolved shear. Deviatoric principal stress axes: σ1, σ2, σ3, are the compressional, intermediate and extensional deviatoric axes, respectively. The age of the faulted formation is also reported.
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FIGURE 11. Distribution of the strike (A) and pitch (B) of the collected faults shown in Figure 7 (central GSF; A,B) and in Figure 8 (southern GSF; C,D). Here we use the convention that pitch values range from −90° to +90°; these correspond to pure strike-slip motions, whereas pitches = 0° correspond to pure dip-slip motions.



The structural data along the southernmost part of the GSF have been collected in the Semangka Bay area, where the right-lateral GSF terminates offshore on a set of normal-fault grabens within the Sunda Strait (Figure 10). These data have been collected at 7 outcrops and in 3 trenches, the latter all along the GSF, within Neogene to Holocene deposits (volcano sedimentary, alluvial fans and colluvial deposits, sandstones). A first compressional event was characterized by a ~N-S trending maximum horizontal compression, associated with a subvertical (contractional domain; plot F; Figure 10) or a subhorizontal minimum compression (strike-slip domain; plot G; Figure 10). In both cases, predominant NNW-SSE striking dextral faults are activated. This compressional kinematics was followed by two extension directions: an arc-normal extension, mainly activating NW-SE striking normal faults (plot H; Figure 10), followed by an arc-oblique (WNW-ESE striking) extension, mainly activating NNW-SSE dextral transtensive faults (plot I; Figure 10). As the fault slip data of the latter event are seen both at the contact and within the Holocene deposits, the NNW-SSE transtensive dextral faults correspond to the present-day kinematics. Most of the collected faults in the southernmost part of the GSF have a NNW-SSE strike (Figure 11C), and are associated to both dextral and normal motions (Figure 11D); however, the highest peak in the pitch distribution is given by a moderately positive dip-slip motion (Figure 11D); as most faults have a NE plunge, this peak reflects the previously mentioned dextral transtensive kinematics.

Overall, the collected structural data highlight a present-day stress regime with a ~NNE-SSW trending direction of maximum compression, responsible for compressive structures to the west of GSF (plot B; Figure 9) and for NNW-SSE to NW-SE striking dextral (plots F and G; Figure 10) or normal faults (plots A, C, H and I; Figures 9, 10) along the GSF, in broad accordance with previous studies; the normal faults extend with a ~WNW-ESE trend and, subordinately, NE-SW one (Bellier and Sébrier, 1994).

DISCUSSION

Most of the GSF consists of a very few km wide zone of deformation along a main dextral segment (Sieh and Natawidjaja, 2000), vertical down to at least 15 km, at the bottom of the brittle crust (Weller et al., 2012). This implies that volcanoes at distances >20 km from any GSF segment should not be controlled by its activity. As nearly one third of the considered volcanoes lies at >20 km from the GSF, it is possible to exclude any “structural control” of the fault zone (Figure 2); by means of “structural control” we refer here to the definitions previously given in section General Tectono-Magmatic Features of the Arc. However, a significant part of the volcanoes lies in proximity (<20 km) to the GSF. As anticipated, any possible control of the GSF on the location of these volcanoes may be biased by the maturity of the GSF. In fact, the southern propagation and overall evolution of the GSF, affecting the interaction and linkage of its segments, may modify the localized areas of extension created by the activity of offset dextral segments and possibly promoting the development of the volcanoes. This evolution may partly explain why most of the volcanoes (nearly half of them), even though lying along the GSF, do not appear to be clearly structurally-controlled, so that any relationship to the GSF may be questioned. However, all together, the spatial distribution of the volcanoes in Sumatra, as summarized in Figures 2–4, suggests a possible, even though anyway limited, structural control of the GSF. This limited structural control may be also supported by the evidence that the erupted volumes seem independent of the presence and activity (slip rate) of the GSF (Figure 6), and that the highest magmatic productivity at Toba may be explained by a tear in the slab beneath.

Overall, these data point out a limited role of the strike-slip structures on volcanism at Sumatra. This somehow contrasts with previous evidence from the deeper structure of extinct and eroded magmatic arcs, where pluton emplacement has been commonly associated with local extension created by strike-slip systems (Acocella and Funiciello, 2010, and references therein). This may be explained by a different structural control of the magmatic arc at depth and at the surface, with a decoupling in the tectono-magmatic relationships responsible for a stronger structural control on magma emplacement at depth and a weaker control on the rise of the magma at the surface; a similar behavior has been postulated for the central Aeolian Arc (Ruch et al., 2016). Another possibility to explain the apparently more limited structural control on the Sumatra arc compared to other eroded arcs may be related to the different timing in the development of the GSF along the island. In fact, the more recent central-southern portion of the GSF formed in the last 2 Ma (Sieh and Natawidjaja, 2000), thus postdating the older Miocenic volcanism. The fact that the latter, especially south of Toba, is broadly found in the same location as the Quaternary volcanism (Rock et al., 1982) indicates that the Miocenic arc was not controlled by the GSF and suggests that a similar condition may apply also to the Quaternary arc in central-southern Sumatra. Indeed, the location of the GSF along this part of the volcanic arc suggests that the focusing of the strain in the upper plate has been promoted by the magma-induced thermal weakening of the crust. In the southern half of Sumatra there is still a closer spatial relationship of the volcanoes with the GSF (Figure 4C); this implies that the magma-induced thermal weakening of the crust may be an effective means to localize the crustal deformation in correspondence of the volcanic arc.

While the development of a minor part of volcanoes may be explained by the activity of the GSF, the development of the remainder, forming most of the population, may be explained by more general tectonic processes. These may include the mean depth of the slab (130 ± 20 km) and, subordinately, the extension along the GSF.

The mean depth of the slab holds regardless of the distance from the trench, implying a variable dip of the slab. The general control of the arc front by the corner location of the asthenospheric wedge was previously inferred for Sumatra (Bellier and Sébrier, 1994; Bellier et al., 1999) and is also consistent with what previously observed elsewhere, as for example in the Peruvian Andes (Sébrier and Soler, 1991). In addition, here we observe that the deeper the slab, the larger the erupted volumes (Figure 7A), suggesting that a higher percentage of fluids may be released from the slab at higher depths. Moreover, there is a proportional relationship between the variations in the arc-parallel convergence and the related erupted volumes, confirming previous studies (Figure 6C; Bardintzeff et al., 2000; Bellier et al., 2000). Such a relationship does not have an evident explanation, and may be biased by the much higher erupted volumes from Toba.

The extension along the GSF, where ~WNW-ESE oriented, may result from localized extension among GSF segments, especially in the areas where oversteps are present, or from the overall tectonic convergence. This WNW-ESE extension direction, perpendicular to the convergence vector (Figure 12A), is suggested by the collected structural field data in the central and southern part of the GSF (Figures 9, 10) and is also supported by structural and geophysical studies (Lassal et al., 1989; Harjono et al., 1991; Pramumijoyo and Sébrier, 1991; Mount and Suppe, 1992; Kundu et al., 2012; Muksin et al., 2014). The ~WNW-ESE extension direction may explain the common ~NNE-SSW elongation and/or alignment of many volcanoes (Figure 8). Another cluster in the elongation of volcanoes is along the NNW-SSE to NW-SE trends, subparallel to the GSF structures. This parallelism may be explained by the presence of major extension along the GSF, as also supported by the collected structural data, showing NE-SW trending extension along NW-SE to N-S striking faults, especially to the south (Figure 10). The presence of such an arc-normal extension along the GSF is not straightforward, as the GSF clearly has a predominant strike-slip component, with limited vertical offset (e.g., Bellier et al., 1997; Genrich et al., 2000; Prawirodirdjo et al., 2000; Sieh and Natawidjaja, 2000). One possible explanation for this local arc-normal extension along the GSF may be related to the occurrence of mega-earthquakes along the subduction zone, capable of promoting transient stress variations in the upper plate (Figure 12B). In fact, while in the inter-seismic period the kinematics of GSF may be predominantly dextral, in the co- and (to a lesser extent) post-seismic cycle the arc may experience significant arc-normal extension. This has been observed not only after the 2004 Sumatra mega-earthquake (Subarya et al., 2006; Gahalaut et al., 2008; Shearer and Burgmann, 2010), but also in NE Japan after the 2011 Tohoku mega-earthquake (Ozawa et al., 2011; Simons et al., 2011; Takada and Fukushima, 2013) and in Southern Chile after the M9.5 1960 and the M8.8 2010 Maule mega-earthquakes (Barrientos and Ward, 1990; Wang et al., 2007; Vigny et al., 2011; Pritchard et al., 2013). In the latter two cases, mega-earthquakes promoted the transient (co- and post-seismic) inversion of the major tectonic structures, also affecting magmatic activity (Singer et al., 2008; Takada and Fukushima, 2013). Another possibility to locally explain the arc-normal extension may be related to the pressurization promoted by the intruded magma along the arc. A similar mechanism has been proposed to explain the widespread and consistent extensional structures on the central Aeolian Arc (Ruch et al., 2016), inferred to experience strike-slip motions at depth (De Astis et al., 2003). However, such a possible shallow tectonic reorganization does not appear completely feasible for the Sumatra Arc. In fact, here volcanic activity is largely confined within the largest edifices, suggesting the lack of developed elongated magmatic systems. Indeed, this feature on Sumatra implies a punctiform, not linear, mode of rise of the magma in the crust, similarly to what observed along other magmatic arcs not experiencing extension, as the contractional arc of NE Japan (Acocella et al., 2008). Conversely, along the central Aeolian Arc there is evidence of magmatism continuing, through eruptive fissures, outside the main volcanoes, suggesting the activity of magma-controlled magmatic systems. We thus propose that the development of the volcanoes elongated and aligned parallel to the GSF, as well as the collected structural data showing extension along the NW-SE to N-S trending structures, may be mainly controlled by transient stress variations promoted by mega-earthquakes, responsible for limited extension along the Sumatra arc (Figure 12).
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FIGURE 12. Summary of the possible tectono-magmatic conditions along an obliquely convergent volcanic arc. (A) Normally, as during the inter-seismic period, the arc is characterized by the activity of strike-slip (dextral, in this case) structures associated with strain partitioning; part of these structures control the location of the volcanoes (“structurally controlled volcano”); the location of other volcanoes (“non-structurally controlled volcano”) away from the strike-slip zone may be explained by other processes, as slab depth or convergence-orthogonal extension, controlling also volcano alignment and elongation. (B) During transient periods (co- and post-seismic periods due to the activity of mega-earthquakes) the arc may undergo arc-normal extension, with the local reactivation of the strike-slip faults as normal faults; the alignment and elongation of volcanoes may partly reflect these transient conditions, becoming subparallel to the arc.



Therefore, this study highlights a limited structural control on volcanism along obliquely convergent arcs experiencing strike-slip motions, even though this may reflect local, shallower crustal conditions. This feature is somehow intermediate between those observed in extensional arcs, where magmatism couples with the structure of the arc (as along the Taupo Volcanic Zone; Acocella et al., 2003) and shows shallow magma reservoirs (Chaussard and Amelung, 2012) and those in contractional arcs, where the arc configuration is largely independent of the shallow structural features (as in NE Honshu, Japan; Acocella et al., 2008). However, the overall lack of magmatic systems makes the strike-slip Sumatra arc more similar to the contractional ones.

CONCLUSIONS

The available data along the volcanic arc of Sumatra suggest that the location and productivity of most volcanoes are not controlled by the activity of the dextral GSF. Rather, these features seem to be mainly controlled by the location of the depth of the slab beneath the island. Indeed, the asthenospheric wedge seems to control both the location of the volcanic arc (depth of partial melting, consistently with previous studies; Bellier and Sébrier, 1994; Bellier et al., 1999) and of the GSF (thermal contrast in the upper plate localizing the rheological weakness of the fault zone). More locally, the volcanic arc seems also controlled by a ~WNW-ESE extension direction, orthogonal to convergence, which may explain the common ~NNE-SSW elongation and/or alignment of many volcanoes (Figure 12A). There is also evidence of a subordinate arc-normal extension, as suggested by the collected structural data and the elongation of volcanoes, which may be related to a transient stress field active during the co- and post-seismic cycle induced by mega-earthquakes (Figure 12B). Overall, the strike-slip arc of Sumatra appears intermediate between extensional arcs, where magmatism couples with the arc structure and contractional arcs, where the arc configuration is largely independent of the shallow structure. However, the lack of magmatic systems (areas with focused monogenic magmatic and tectonic activity outside the main volcanic edifice) in Sumatra makes the strike-slip arcs more similar to the contractional ones.
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