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Uplift is the predominant factor controlling fluvial systems in tectonically deforming regions. Mountains along subduction zones force incision, aggradation, or sinuosity modifications, showing differential uplift and variations in erosion rates, in river incision, and in channel gradient produced by ongoing tectonic deformation. Thus, landscape can provide information on the tectonic activity of a defined region. Here, field studies, analysis of geomorphic indices using a digital elevation model, and dating of river terraces were undertaken to extract the following: (1) determine rates of ongoing tectonic deformation, (2) identify evidence of active faulting, and (3) explain the possible relation of ongoing differential uplift in the topography of the overriding plate with the geometry and roughness effects of subducting slab along the Mexican subduction within the Guerrero sector. Landscape analysis using geomorphic indices suggests segmentation along stream of the studied Tecpan River basin. Rates of tectonic uplift were derived from river incision rates computed with the combination of strath terrace heights and associated dating. Tectonic uplift rates vary from ∼1 ± 0.3 mm/yr up to ∼5 ± 0.6 mm/yr during the Holocene, consistent with inferred high tectonic activity in this zone. These results vary significantly spatially, i.e., increasing upstream. Possible explanations for spatial variations of tectonic uplift rates are most likely related to an effect of the geometry and the rugged seafloor of the oceanic Cocos plate subduction beneath a faulted continental lithosphere.
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INTRODUCTION
Uplift is the predominant factor controlling fluvial systems in actively deforming regions, such as forearcs on overriding plates along subduction zones, forcing incision, aggradation, or sinuosity modifications. Quaternary fluvial terraces can be used as an indicator of long-term, on timescales of 102–106 yr, vertical tectonic deformation and also can serve to assess the interactions between tectonics, climate, and sea-level changes (e.g., Merritts et al., 1994; Personius, 1995; Repka et al., 1997; Lavé and Avouac, 2000; Pazzaglia and Brandon, 2001; Wegmann and Pazzaglia, 2002; Matsu'ura et al., 2008; Matsu'ura et al., 2009; Wegmann and Pazzaglia, 2009; Pazzaglia, 2013; Gallen et al., 2015; Schaller et al., 2016; Ramírez-Herrera et al., 2018; de Quay et al., 2019; Evenstar et al., 2020; Su et al., 2020; and Wu et al., 2020). Incision rates derived from strath terraces are commonly used to determine spatiotemporal variations in long-term uplift rates across subduction zone forearcs (e.g., Personius, 1995; Berryman et al., 2000; Pazzaglia and Brandon, 2001; Wegmann and Pazzaglia, 2002; Matsu'ura et al., 2008, 2009; and Ramírez-Herrera et al., 2018). Moreover, derived rates of tectonic deformation can be also used to resolve crustal faults activity, explaining variations in tectonic uplift because of potential relation of the effects of the subducting slab and the topography of the overriding plate (Ramírez-Herrera et al., 2018) and also crustal thickening (Matsu'ura et al., 2008; Matsu'ura et al., 2009).
The Mexican Pacific Coastal region extends along the Mexican subduction zone (MSZ) and between the forearc and magmatic arc region of this active convergent margin. The MSZ is characterized by particular flat slab geometry (e.g., Suárez et al., 1990; Pardo and Suárez 1995; Kostoglodov et al., 1996; Kostoglodov et al., 2003; Manea et al., 2004; and Pérez-Campos et al., 2008), which is subject to the largest amplitude slow slip events (SSEs) ever recorded so far (e.g., Kostoglodov et al., 2010; Radiguet et al., 2012; and Graham et al., 2015) and has an inland volcanic arc running oblique to the trench at ∼15° (García-Palomo et al., 2004). The central morphotectonic segment of the MSZ (Ramírez-Herrera and Urrutia-Fucugauchi, 1999) coincides with the Guerrero Seismic Gap (GSG), characterized by the absence of significant megathrust earthquakes since 1911 (Anderson et al., 1989; Kostoglodov and Ponce, 1994). This region provides a unique opportunity to study how the tectonic framework has affected the styles, rates, and spatial and temporal variations for long-term crustal deformation and uplift in the onshore forearc region of an overriding plate (e.g., Ramírez-Herrera and Urrutia-Fucugauchi, 1999; Ramírez-Herrera et al., 2007; Ramírez-Herrera et al., 2009; Ramírez-Herrera et al., 2011; and Ramírez-Herrera et al., 2018).
The primary aim of this study is to assess Holocene vertical deformation rates of the overriding plate across the Guerrero onshore forearc in the Mexican subduction zone. A clear focus is to determine the long-term response of topography and investigate the potential correlation with the geometry and roughness of the subducting slab and active surface faulting. Secondly, the study aims to quantify long-term (Holocene) tectonic uplift rates in this region. With this purpose, we applied morphometric analysis of a river basin, mapped and dated Holocene river terraces along the Tecpan River in the forearc of the Mexican subduction zone along the GSG. We combined field mapping and high-resolution digital elevation models derived from eBee unmanned aerial vehicle (UAV) imagery and optical stimulated luminescence dating to constrain the Holocene uplift history in the Guerrero forearc. Incision rates are computed with the combination of strath heights and associated OSL ages as a proxy for uplift rates.
STUDY AREA
Tectonic Setting
The forearc of the Mexican subduction zone, where the Cocos plate subducts beneath the North American plate at convergence rate of 6.4–6.7 cm/yr (Figure 1; DeMets et al., 2010), has an unusual “flat-slab” geometry at the plate interface in GSG (e.g., Suárez et al., 1990; Pardo and Suárez 1995; Kostoglodov et al., 1996; Kostoglodov et al., 2003; Manea et al., 2004; Pérez-Campos et al., 2008; and Kim et al., 2010). Here the plate interface shows a gentle slope of ∼5°–10° from the trench to ∼70 km and steepens up to ∼35° at ∼ 120 km distance from the trench (∼50 km inland) and appears listric further inland. The studied catchment of the Tecpan River coincides with the western part of the Guerrero seismic gap (Figure 1A). This segment of the MSZ has had no thrust earthquakes since the Ms 7.8 earthquake in 1911 (Anderson et al., 1989 and Kostoglodov and Ponce, 1994). Since then, the region has experienced >5 m of relative plate motion (Lowry et al., 2006). Several authors suggested the potential for a large subduction earthquake between 7.9 and 8.4 magnitude to occur here (Singh and Mortera 1991; Lowry et al., 2006; and Bekaert et al., 2015). Furthermore, this area experienced the largest amplitude slow slip events (SSEs) ever recorded with Mw ∼ 7.5 (e.g., Kostoglodov et al., 2010; Radiguet et al., 2012; and Graham et al., 2015). Recent studies of the geomorphic and tectonic features of the Guerrero sector of the Mexican subduction offshore forearc report the presence of seamounts on the subducting Cocos plate and the seismic potential (Cerny et al., 2020).
[image: Figure 1]FIGURE 1 | (A) Tectonic setting of the Mexican subduction zone: MAT—Middle America Trench (red dashed line with barbs); F.Z.—fracture zone (yellow dashed lines); EPR—East Pacific Rise (pink dashed line); red arrows show convergence rate (DeMets et al., 2010); colored circles show rupture zones of the most important thrust events of 20th century; pink rectangle shows the Guerrero seismic gap (GSG); LVC—La Venta-Chacalapa Fault; CF—Cacahuatepec Fault; and DAF—Dos Arroyos Fault. The Xolapa terrain is the area between the MAT and the LVC. Red half-arrows show the sinistral motion of the Sliver fault. (B) Swath profile and geometry of the subducting slab across a transect in the Guerrero forearc.
The relative motion of plate convergence is slightly (∼12°) oblique to the trench normal. Recent GPS observations suggest that if oblique Cocos-North America motion is partitioned into upper plate sinistral faulting by the ∼650 km, long active shear zone is probably accommodated by the left-lateral, La Venta-Chacalapa (LVC) fault system and other smaller crustal W to E aligned structures, such as Cacahuatepec Fault and Dos Arroyos Fault (Gaidzik et al., 2016 and Ramírez-Herrera et al., 2018). LVC fault system has been associated with a motion of the Xolapa terrain and at the present time is the northern boundary of a ∼110–160-km wide forearc sliver with a sinistral motion of 3–6 mm/year with respect to the North American plate. This sliver accommodates most of the oblique component of the convergence between the Cocos and North American plates (Kazachkina et al., 2020).
The activity of the La Venta Fault (LVF; Figure 1A) in the eastern sector has been confirmed by GPS measurements showing 4–5 mm/yr left-lateral slip of the fault (Kostoglodov et al., 2015). Smaller SSEs occur along LVF simultaneously with the thrust-subduction counterparts. No focal mechanisms have been recorded to sustain the fault’s strike-slip mode. This data absence may be related to a short period of observations (e.g., Pacheco and Singh, 2010) and long, noninstrumental recurrence period (Ramírez-Herrera et al., 2018). Nonetheless, earthquake swarms and SSEs with trench-parallel motion have been reported for Sliver Fault in the Oaxaca region that appears to be the eastward continuation of the La Venta Fault (Fasola et al., 2019). Similarly, LVF also coincides with the downdip of the seismogenic zone (Ramírez-Herrera et al., 2018 and Fasola et al., 2019).
Geomorphic Setting
The Tecpan River basin (Figure 1) is located within the coastal ranges Sierra Madre del Sur and the Guerrero morphotectonic zone in south-west Mexico (Ramírez-Herrera and Urrutia-Fucugauchi, 1999). These ranges typically reach elevations >1,500 m, with some peaks exceeding >3,000 m. The Tecpan River catchment originates in the coastal ranges and drains perpendicular to the coastal piedmont and plain. This coastline appears to be dominated by net deposition, with the presence of low deltaic and alluvial landforms, coastal lagoons separated from the ocean by barrier beaches and rocky promontories, and the absence of marine terraces (Supplementary Figure S1). Sedimentary records corroborate the landscape analysis indicating coastal subsidence during the Holocene at rates of ∼1 mm/yr (Ramírez-Herrera et al., 2007; Ramírez-Herrera et al., 2009; and Ramírez-Herrera et al., 2011). The coastal piedmont and ranges show a deeply incising Tecpan River with numerous flights of fluvial terraces that rise up to 40 m above modern base level.
The 88-km-long Tecpan River drains >1,300 km2 area (Supplementary Figures S1A,B) composed of Precambrian to Cretaceous metamorphic rocks (mainly gneisses) with frequent dolerite dikes, Mesozoic and Cenozoic granitoid bodies, and Cenozoic volcanic rocks (mainly andesite and tuff) in the upstream segments (Supplementary Figure S1). Starting at the elevation of ∼1,600 m a.s.l., the river flows initially toward the south, then after ∼30 km shifts course to the southeast, and, finally, for the last 30 km flows toward SSW, generally perpendicular to the Middle American Trench (Figure 1 and Supplementary Figure S1A). Deep mountain valleys with high channel gradient values (>15 m/km) and steep slopes (mean slope >5°; Supplementary Figure S1A) indicate that the Tecpan River is a type A stream, characterized by steep, cascading, step/pool streams and high energy/debris transport (Rosgen, 1994). Basin elevation ranges from 0 to >3,000 m for the river course along its northern divide (Supplementary Figure S1A). This catchment exhibits steep average slopes of >20° (Supplementary Figure S1A) and flights of fluvial terraces most noticeable along the main course, together with knickpoints and bedrock sectors.
METHODS AND MATERIALS
Landscape Analysis
A set of geomorphic indices were used (see Supplementary Figure S1) to determine the relative tectonic activity and to differentiate between areas of varying relative uplift rates in the Tecpan River basin (e.g., Hack, 1973; Bull and McFadden, 1977; Bull, 1978; Keller, 1986; Hovius, 2000; Burbank and Anderson, 2001; Kirby and Whipple, 2001; Brocklehurst and Whipple, 2002; Keller and Pinter, 2002; Zámolyi et al., 2010; Giaconia et al., 2012; Kirby and Whipple, 2012; and Gaidzik and Ramírez-Herrera, 2017). Along the river trunk, the following indices were computed: (1) river longitudinal profile (RLP), (2) transverse profiles (TP), (3) gradient of the river, (4) valley width/height ratio (Vf), (5) sinuosity index (SI), (6) stream-length gradient index or Hack’s index (SL), and (7) normalized channel steepness index (ksn). Also, the minimum bulk erosion (MBE) was calculated for the basin area and slope, which are presented spatially. Details on the procedures used for calculations of specific indices and their significance are summarized in Supplementary Table S1. A digital elevation model TanDEM-X DEM (0.4 arcsec, with <10 m absolute horizontal and vertical accuracy; https://tandemx-science.dlr.de/) with 12 m horizontal resolution was the base map for selected geomorphic indices.
River Terraces
River terraces are commonly used to calculate vertical stream incision, together with derived rock uplift and associated crustal deformation (e.g., Merritts et al., 1994; Wegmann and Pazzaglia, 2002; Wegmann and Pazzaglia, 2009; and Ramírez-Herrera et al., 2018). This study identified, classified, and mapped multiple levels of fluvial terraces in the Tecpan River basin. Mapping used satellite images (Image©DigitalGlobe) with 12 m resolution TanDEM-X and associated field surveys. Terraces were mapped initially on satellite images; then, the position and limits were corrected subsequently with TanDEM-X and verified in the field with a handheld GPS. The elevation of each terrace in the field above the river channel was determined using a laser rangefinder (accuracy ± 1 m). The height of fill terraces was measured from the tread surface. Whereas for strath terraces measurements were taken at the height of the terrace tread and underlying bedrock, tectonic interpretations derived from terrace tread height may be misleading (e.g., Wegmann and Pazzaglia, 2009). Also, for many of the measured terraces the internal stratigraphy was deciphered and OSL ages were determined on the enclosing sediments for correlation purposes.
Lastly, an unmanned aerial vehicle (UAV) photogrammetry (eBee autonomous flying drone by senseFly; https://www.sensefly.com/drone/ebee-mapping-drone) was used to document multiple terraces in selected areas. Orthomosaics and digital elevation models (DEM) were computed using the Post Flight Terra 3d Software with manual filtering of vegetation and buildings. Based on the photographs taken during aerial surveys in February 2017 (dry season), the final product was the digital elevation model (DEM), with a 10 cm horizontal resolution (Video 1).
Optically Stimulated Luminescence (OSL) Dating
Optically stimulating luminescence is a technique that dates the burial time of quartz grains. The time-zeroing mechanism is the exposure of grains to >1 min of sunlight. There is subsequent time-signal acquisition with burial, shielding from sunlight, and exposure to ionizing radiation, mostly from radioactive decay during the burial period (Forman, 2015). OSL dating has been used previously in numerous paleoseismic settings to provide chronologic control, in the absence of organic material for radiocarbon dating (e.g., Cox et al., 2007; Forman, 2015; Le Beon, et al., 2018; and Tuttle et al., 2019). Six locations were selected to collect samples for the OSL dating from various fluvial terraces from Q1 to Q4 (see Supplementary Table S2). For that purpose, in the field we cleaned a vertical profile of a terrace, digging in several centimeters into the fluvial deposits. Consequently, we hammered horizontally a 15-cm-long stainless steel tube into the sediments in freshly cleaned vertical sections. Before taking out the tube, we sealed the outer end with tinfoil and duct tape. Then, immediately after removal, we sealed also the inner end in the same way.
Single aliquot regeneration (SAR) protocols (see Supplementary Table S3) (Murray and Wintle, 2003 and Wintle and Murray, 2006) were used in this study to estimate the apparent equivalent dose of the 425–500, 355–425, 250–355, or 150–100 μm quartz fraction dependent on which size fraction yielded at least 0.50 g for 55 to 35 separate aliquots (Table 1). Each aliquot contained approximately 20 to 100 quartz grains corresponding to a 1-mm or less circular diameter of grains adhered (with silicon) to a 1 cm diameter circular aluminum disc. The quartz fraction for a specific grains-size range (e.g., 250–355 µm) with sieving was isolated by density separations using the heavy liquid Na–polytungstate (2.4 and 2.6 g/cc) and at least one 40-min immersion in hydrofluorosilicic acid (HF 40%), to etch the outer ∼10 µm of grains, which is affected by alpha radiation (Mejdahl and Christiansen, 1994). The isolated quartz fraction was rinsed finally in HCl (10%) to remove any insoluble fluorides (cf. Forman et al., 2014).
TABLE 1 | Optically stimulated luminescence (OSL) ages on quartz grains from fluvial deposits, Tecpan River, western Mexico.
[image: Table 1]The optical purity of quartz separates was tested by exposing aliquots to infrared excitation (1.08 W from a laser diode at 845 ± 4 nm), which often preferentially excites feldspar minerals. If this test indicated feldspar contamination, the HF 40-min immersion was repeated. Another safeguard of quartz grain purity was examination of a small subsample with a visualized petrographic microscope and by Raman spectroscopy. If a subsample exhibited >1% nonquartz minerals, particularly feldspar minerals, the sample was retreated with density separations, HF soaking for an additional 20 or 40 min, and sieved again and rechecked for grain purity. The six quartz aliquots dated have a quartz purity of >99% and showed weak emissions (<300 counts/second) with infrared excitation at or close to background counts.
An automated Risø TL/OSL–DA–15 system was used for SAR analyses. Blue light excitation (470 ± 20 nm) was from an array of 30 light-emitting diodes that deliver ∼15 mW/cm2 to the sample position at 90% power. Optical stimulation for all samples was completed at an elevated temperature (125°C) using a heating rate of 5°C/s. All SAR emissions were integrated for the first 0.8 s of stimulation out of 40 s of measurement, with background emissions integrated for the last 10 s of data collection, for the 30–40 s interval. The luminescence emission for all quartz fractions showed a dominance of a fast component with >90% diminution of luminescence after 4 s of excitation with blue light. The fast ratio was calculated for natural emission and the equivalent emissions for a regenerative dose for each aliquot (Durcan and Duller 2011). Aliquots with a fast ratio of <15 and infrared depletion ratio of >5% were removed from the final equivalent dose analysis.
A series of experiments was performed to evaluate the effect of preheating at 160, 180, 200, 220, and 240 °C on isolating the most robust time-sensitive and thermal transfer emissions of the regenerative signal prior to the application of SAR dating protocols. These experiments entailed giving a known dose (10 Gy) and evaluating which preheat resulted in recovery of this dose. There was concordance with the known dose (40 Gy) for preheat temperatures above 180°C with an initial preheat temperature used of 200°C for 10 s in the SAR protocols. A second “cut heat” at 180°C for 10 s was applied prior to the measurement of the test dose. A final heating at 260°C for 40 s was applied to minimize carryover of luminescence to the succession of regenerative doses. A test for the reproducibility of the radiation-induced SAR ratio (Lx/Tx) was also performed by giving the same beta (90Sr/90Yt) source radiation exposure for the initial and the final regenerative dose and evaluating the concordance of the SAR ratios, which should be within 10% (Murray and Wintle, 2003 and Wintle and Murray, 2006).
The SAR protocols were used to resolve equivalent doses for six sediment samples (Table 1). The statistical significance of an equivalent dose population for these samples was evaluated for thirty- to fifty-two quartz aliquots (Table 1). Aliquots used for equivalent dose calculations were required to have a fast ratio <15 (Durcan and Duller), a recycling ratio between 0.9 and 1.10, a zero dose test of >5% of the natural signal and errors in equivalent dose of <10% (Murray and Wintle, 2003 and Wintle and Murray, 2006). The regenerative growth curves are modeled by using the exponential plus linear or quadratic form. Error analysis of equivalent dose calculations for individual quartz aliquots assumed a measurement error of 1% with 2000 Monte Carlo simulation repeats to better characterized errors.
The equivalent dose (De) distributions were log normal and exhibited range of overdispersion values (Table 1). Only one quartz separates out six yield overdispersion values ∼20, with the remaining five samples having overdispersion value >35%. An overdispersion percentage of a De distribution is an estimate of the relative standard deviation from a central De value in context of a statistical estimate of errors (Galbraith et al., 1999 and Galbraith and Roberts, 2012). A zero overdispersion percentage indicates high internal consistency in De values with 95% of the De values within 2σ errors. Overdispersion values <25% are routinely assessed for quartz grains that are well solar reset, like eolian sands (e.g., Wright et al., 2011 and Forman et al., 2014), and this value is considered a threshold metric for calculation of a De value using the central age model of Galbraith et al. (1999). Overdispersion values > 25% indicate often mixing or grains of various ages or partial solar resetting of grains; the minimum age model (MAM; four parameters) may be an appropriate statistical treatment for such data. The MAM can effectively model the De components that are time dependent and inherited (Galbraith and Roberts, 2012 and Peng and Forman, 2019). However, some studies have concluded that overdispersion values between 20 and 32% may reflect a signal De population, particularly if the De distribution is symmetrical, with the dispersion related to variability associated with microdosimetry and/or sedimentary processes (e.g., Arnold and Roberts, 2009). We consider overdispersion values > 20% to indicate non-age-related processes such as postdepositional mixing of grains of various ages, partial solar resetting of grains, or complex microdosimetry.
The environmental dose rate (Dr) is a critical measurement for calculating a luminescence age. The Dr is an estimate of the exposure of quartz grains to ionizing radiation from the decay of the U and Th series, 40K, Rb, and cosmic sources during the burial period. The U, Th, Rb, and K concentrations are determined on the bulk sediment by inductively coupled plasma mass spectrometry by ALS Laboratories, Reno, Nevada. The beta and gamma doses were adjusted according to grain diameter to compensate for mass attenuation for the dose rate (Fain et al., 1999; Guerin et al., 2011). A cosmic ray component, considering location, elevation, and depth of strata sampled was calculated to be between 0.17 and 0.20 mGy/yr, which includes the soft component (Prescott and Hutton, 1994 and Peng and Forman, 2019). There is uncertainty in assessing the moisture content of a sample during the burial period. We estimated moisture content of 10 ± 3% (by weight) from present values and particle size characteristics and in reference to field indicators on the height of the water table or possible perched water tables. Systematic and random errors for final ages are calculated in a quadrature at one standard deviation by the Luminescence Dating and Age Calculator (LDAC) at https://www.baylor.edu/geosciences/index.php?id=962356 (Peng and Forman, 2019). The datum year for all OSL ages is AD 2010.
Strath Terraces as Indicators of River Incision, and Derived Uplift Rates
The mapped distribution of terraces was correlated by the relative elevation, terrace surface soil development, internal stratigraphy, and associated OSL ages (cf, Wegmann and Pazzaglia, 2002). The vertical incision rates were computed from the separation between the dated Holocene straths and the modern stream level measured in the field. For that we used the formula (Lambeck et al., 2004; Wegmann and Pazzaglia, 2009):[image: image] where I is the vertical incision rate (m/ka), HS is the height (m) of the bedrock strath above the modern channel, and TS is the timing (ka) of strath preservation in the landscape (determined by OSL dating).
Consequently, the calculated vertical incision rates are considered a proxy for rock uplift rates (e.g., Merritts et al., 1994; Wegmann and Pazzaglia, 2002; Wegmann and Pazzaglia, 2009; and Ramírez-Herrera et al., 2018).
RESULTS
Landscape Analysis
Tecpan River Segments
Based on the river RLP, TP, and calculated geomorphic indices (G, Vf, SI, SL, MBE, and ksn) (see Supplementary Table S1), Tecpan River shows five distinct segments with variable characteristics (Table 2, Figures 2–4, and Video 2). These river segments are discussed below.
1. The most downstream segment of the Tecpan River on the coastal lowland (0–22 km (0–90 m a.s.l.) is dominated by wide to very wide valley floor up to 18 km distance from the river mouth (Vf > 1.5; Table 2 and Figure 3), changing to a bedrock channel at 18–22 km distance from the coast, outcropping fine-grained granite with well-developed Cloos joints forming orthogonal systems. Sublatitudinal left-lateral and almost vertical mesofaults together with accompanying structures are commonly observed here. The longitudinal profile of the river is approximately flat and is concave in the upper part (Figure 2). The Tecpan River shows SI values that reflect a semisinuous river path (Figure 4) with abandoned meanders, especially after extreme precipitation events, such as hurricane Manuel on September 2013 (Ramírez-Herrera and Gaidzik, 2017). The lower course of this river segment is dominated by low to very low channel gradient and low SL values suggesting the predominance of accumulation processes over erosion (Figure 4). Whereas the upper part of this segment (18–22 km) is generally straight, i.e., shows low SI values (Table 2; Figure 4), the segment upper part also shows steep V-shaped valley, narrow valley bottom (Figure 3), high channel gradient, high SL values (Figure 4), and a concave longitudinal river profile (Table 2 and Figure 2).
2. We have observed W-E strike-slip faults with a small dip-slip component in granite bedrock potentially associated with the La Venta Fault system (upstream part of segment 1, at 18–22 km and 35–90 m a.s.l.) (also see Gaidzik et al., 2016). Here, the alluvium cover was washed away by flooding produced by extreme rainfall during hurricane Manuel in 2013. Sublatitudinal left-lateral and almost vertical mesofaults together are commonly observed with accompanying structures. The course of the river is generally straight, as indicated by very low SI values (1.0–1.1; Table 1; Figure 4). High vertical erosion potential of the river is corroborated by deep and steep V-shaped valley slopes, narrow valley bottom (Figure 3), high channel gradient (10–20 m/km), high SL values (up to 1,000; Figure 4), and concave longitudinal river profile (Table 2 and Figure 2).
3. A wide flat-floored valley dominates from the 22–28 km and 90–115 m a.s.l. (1.0 < Vf < 1.5; Table 1 and Figure 3) with relatively low and gentle slopes of the Tecpan River, located between two bedrock zones. A very low channel gradient (<10 m/km; Table 1 and Figure 4) and normalized channel steepness index (<100; Table 2 and Figure 4) suggest a predominance of accumulation processes. Only a small part of this segment, 28–29 km (115–125 m a.s.l.), shows a bedrock channel with V-shaped valley (Figures 2, 3). Vertical incision of the river is corroborated by a relatively high channel gradient (∼10 m/km; Table 1 and Figure 4), SL (600–1,000; Table 2 and Figure 4), and ksn (100–700; Table 1 and Figure 4) and low values of Vf (∼0.75; Table 2 and Figure 4) and SI (∼1.05; Table 2 and Figure 4).
4. The longest, central segment of the Tecpan River is characterized predominantly by an alluvial channel alternately with a subordinate bedrock channel. The river long-profile shows a convex geometry (Figure 2), with the transverse profiles showing the predominance of local low-relief and wide flat-floored valley (Figure 3) local relief. Calculated geomorphic indices yield a wide range of values depending on whether referring to alluvial of bedrock channel or fill sectors. In general, this segment is characterized by the highest sinuosity (SI values up to 1.9; Table 2 and Figure 4) and variable valley width.
5. This river segment is composed mainly of bedrock and subordinate alluvial channel between 56 and 66 km (350–530 m a.s.l.) (Table 2). It shows concave geometry on the longitudinal profile (Figure 2) and narrow V-shaped valley observed in the transverse directions (Figure 3), low Vf values, together with relatively high values of channel gradient, SL, and ksn (Table 2 and Figure 4). Computed SI values suggest moderate sinuosity (Table 2 and Figure 4).
6. The most upstream segment of the Tecpan River (66–88 km at 530–1,560 m a.s.l.) is dominated by vertical incision (highest values of channel gradient and SL index together with a significant drop in elevation, i.e., >1,000 m; Table 2; Figure 4) and mass movement processes. The valley bottom is narrow to very narrow with steep V-shaped valley slopes (Figure 3). The course of the river is generally straight, following the gravitational slope, as indicated by low values of the sinuosity index (Table 2 and Figure 4).

TABLE 2 | Segments along the Tecpan River and geomorphic indices (see Figure 2).
[image: Table 2][image: Figure 2]FIGURE 2 | Segmentation of the Tecpan River (A) and river longitudinal profile (B); colors on the profile correspond to colors of segments defined along the river (for details on geomorphometric indices in each segment, see Table 2). Black dots show the location of the OSL sampling sites. LVF—La Venta Fault.
[image: Figure 3]FIGURE 3 | Segments along the Tecpan River and cross-sections of the Tecpan valley (5 km long) within defined segments.
[image: Figure 4]FIGURE 4 | Morphometry and geomorphometric indices calculated for the Tecpan drainage basin and within defined segments along the Tecpan River.
Minimum Bulk Erosion (MBE)
The highest values of the minimum bulk erosion (up to >1,500 m of eroded-rock column) cluster in the upper central part of the Tecpan drainage basin, mainly in the sixth and the upper part of the fifth segment (Figure 4). It coincides with a wide river valley, together with low slope and local relief. A substantial increment in minimum bulk erosion was observed upstream from the La Venta Fault (i.e., upstream from segment no. 1; Figure 4). This detected increase does not correlate with changes in lithology (compare Supplementary Figure S1B and Figure 4). The lowest values of MBE (<500 m of eroded-rock column) are recorded in the southernmost segments (mainly segments nos. 1 and 2), downstream from the La Venta Fault (Figures 1, 4).
River Terraces
Spatial Distribution
We observed fill and strath terraces, both paired and unpaired types, along the Tecpan River. The first segment wide valley floor is dominated by broad, wide and low alluvial fill terraces (<10 m above the river channel) from the mouth of the Tecpan River to the exposed bedrock channel. Commonly, these landforms are associated with the abandoned meanders, common in this first segment (Figure 5). The second segment is dominated by intercalated strath and fill terraces up to almost 50 m above the river. It is characterized by continuous occurrence of strath terraces on the left riverbank, with heights ranging from 7 to 18 m (bedrock heights from 4 to ∼12 m). Further upstream (28 km), all Holocene terraces are unpaired reflecting continuous lateral erosion and vertical incision (Merritts et al., 1994). We observed an abundance of strath terraces of different heights and internal stratigraphy, with treads up to 46 m and bedrock up to 23 m above the river (from here on we will use an acronym for above river: ar) along segment 3, whereas fill terraces are only locally formed mainly as the lowest terrace.
[image: Figure 5]FIGURE 5 | River terraces along the Tecpan River. (A) Distribution of mapped terraces. (B) Longitudinal profile of the Tecpan River with location and heights above the valley floor of fluvial terraces.
The lowest terraces in the Tecpan valley are presently alternating with small bedrock segments upstream of segment 5. Bedrock segments (1- upstream part, 2-upstream part, 4 and 5) have a V-shaped valley with narrow valley floor and steep slopes, with rare or none fluvial terraces. The uppermost river segment lacks terraces with the dominance of vertical incision and mass wasting.
Terrace Stratigraphy and Age
Five groups of river terraces were observed in the Tecpan River basin based on internal stratigraphy and associated OSL ages from youngest to oldest: the youngest terrace Q1a is mostly composed of fill with a tread height of 2.8–5.1 m ar. Locally in the upstream segments, there is a correlative strath terrace Q1b with heights of 0.5–1.7 m ar, Q2 is a strath terrace with treads height up to 12 m, strath height ranging from 4.6 to 7.5 m, and Q3 is a strath terrace with tread heights of 15–18 m and corresponding strath heights of 11–12 m. The next highest terrace, Q4, is a strath terrace treading up to 25–30 m with eroded bedrock up to 23 m. The highest strath terrace recognized is Q5 with treads height up to 46 m (Figure 5 and Supplementary Table S2).
The distribution and morphology of Q1 terrace is spatially discontinuous and complex. Downstream, it is a cut-and-fill terrace Q1a, whereas mid- and upstream its vertical profile reveals the existence of strath equivalent in some places to nearly 2 m height, Q1b. The treads height varies from <3 m in the river segments close to the mouth to about 5 m upstream (Figure 5 and Supplementary Table S2). The alluvial deposits of this terrace are composed of fine to coarse sand and gravel, occasionally with higher content of finer material, usually fining-upward, massive, locally with visible horizontal layering or cross-lamination (Supplementary Figure S2). In some locations (e.g., downstream and in the mid-basin segments), these terraces were partially destroyed by erosion triggered by the hurricane Manuel in September 2013 and subsequently overlain by flood deposits produced by this extreme event. Downstream, these >1 m thick flood deposits are composed of fine to coarse sand, locally with gravel. OSL dating of quartz grains from the horizontally bedded, finer sand beds from disparate sites (T8 and T21) and avoiding flood deposits from 2013 hurricane Manual yielded concordant ages of 405 ± 50 years (BG3954) and 430 ± 35 years (BG4351) (Table 1).
Terraces Q2 show significant variations in tread and strath heights, e.g., 6.8–11.8 m and 4–7.7 m, respectively (Supplementary Table S2 and Figure 5). Even though being common along the Tecpan River, these are usually unpaired, occurring mainly on the left riverbank. The bedrock is either granite or gneiss of the Xolapa Complex. The overlying alluvium is of variable thickness (>0.5 m) and is composed of massive, well-rounded cobbles, pebbles, and boulders (granitoid, andesite, quartz, etc.) in a reddish clay or sandy matrix. Locally alluvial deposits show evidence of cementation (Supplementary Figure S3). Soil development on the surface of Q2 is modest with solum thickness of 5–10 cm.
The Q3 strath terrace occurs locally, often accompanied by lower terrace Q2 with elevations of strath and treads of up to 18 and 12 m, respectively (Supplementary Table S2 and Figure 5). Q2 strath terraces are eroded into granite and gneiss bedrock with the overlying alluvium characterized by the predominance of a cemented clayish matrix over weathered cobbles, pebbles, and even boulders. Big boulders (>1 m diameter) are commonly observed on the upper surface of treads, with a solum that is ∼15 cm thick (Supplementary Figure S4). The highly cemented sediment and dominance of grussified material precluded OSL dating.
The Q2 terraces show similar stratigraphic characteristics at sites T9 and T22. Exposures reveal that the terrace is cored by up to few meters of bedrock regolith and at site T9 up to 2-m-thick deposit of gravel, pebbles, and cobbles with fine sand matrix. Similarly, site T22 shows fine sand with clay that covers the bedrock surface (Figure 6). Quartz grains for OSL dating were retrieved from finer-grained alluvial beds at depths of >0.3 m from surface from two disjunct sites and samples yielded concordant OSL ages of 1,500 ± 105 years (BG3953) and 1,655 ± 125 years (BG4352), respectively (Table 1).
[image: Figure 6]FIGURE 6 | Photographs and stratigraphy profiles of sampled terraces along the Tecpan River.
Q4 terraces (treads >25 m height) occur locally upstream, along segment 3 (Figures 5–7 and Supplementary Figure S5, Supplementary Table S2, Video 2). This Q4, terrace is composed mainly of granite bedrock and rather thin (<1 m) alluvium overlain by a cemented reddish clayish matrix with occasional grussified cobbles, pebbles, and boulders with granite and other volcanic lithologies (Supplementary Figure S5). The surface solum is up to 25 cm, evident in the upper part of Q4 terrace profile (Supplementary Figure S5). The surface of this terrace is uneven because of the abundance of granite and andesite boulders up to >1 m in diameter. Quartz grains from sand-rich beds for two disjunct sites, T18 and T16, above strath heights of 4 and 23 m, respectively, yielded OSL ages of 6,120 ± 450 years (BG3952), site T18, and 6,600 ± 435 years (BG3952).
[image: Figure 7]FIGURE 7 | High-resolution digital elevation model (10 cm horizontal resolution) obtained from eBee unmanned aerial vehicle (UAV) photographs showing terraces distribution in the Tecpan valley in segment no. 3; the dashed line shows the location of the profile AB presented in the lower part of the figure. The inset shows the location of the presented DEM (black rectangle).
The Q5 surface was the highest terrace identified but at only one location, above the Q4 terrace, in segment 3 on the east riverbank (Figures 5–7 and Supplementary Figure S6, Supplementary Table S2, Video 2). The Q5 surface is a strath terrace with a thick alluvial cover of cobbles, pebbles, and boulders in a cemented clayish matrix and tread height up to 46 m above the modern river channel.
Incision Rates and Their Distribution
The abandonment of river terraces reflects river downcutting into former active channels, floodplains, and bedrock reaches (e.g., Merritts et al., 1994). Terraces can serve as a topographic marker for former riverbed surfaces and provide data for calculation of net vertical erosion of rivers. The calculated rates of river incision are between 0.7 ± 0.3 and 4.5 ± 0.4 mm/yr based on strath heights and associated OSL ages (Table 3). The age for undated, disparate terraces was inferred through correlations to sites with OSL ages (Q1, Q2, and Q4) based on proximity, relative position, elevation, surface and soil morphology, internal stratigraphy, and bedrock elevation (Table 3).
TABLE 3 | Height of strath terraces measured in the field, OSL ages, and derived incision rates.
[image: Table 3]A height-OSL ages plot of strath terraces appears spatially consistent, with one exception: Terrace Q4 (Table 3 and Figure 8). Surprisingly, the Q4 terrace surfaces showed significantly different strath and tread height at 4 and 23 m and 13.8 and 25 m, respectively, with comparable sedimentology and stratigraphy of alluvial sediments. The OSL dating yielded similar ages of, i.e., 6,120 ± 450 yr at site T18 and 6,600 ± 435 yr at site T16 (Table 1). Despite differences in height, both terraces, based on their stratigraphy and OSL ages, appear to be contemporaneous, i.e., Q4 terraces (see also Wegmann and Pazzaglia, 2002 and Wegmann and Pazzaglia, 2009). However, the 6.1 ka age at just 3 m above the current river level indicates an anomalous but plausible fluvial process. This 6.1 ka age on fluvial sediment at 3 m may indicate an aggradational phase, in filling a bedrock depression, or pothole and is a minimum limiting age on the subjacent strath surface. Alternatively, the separate terraces at ca. 6.1 and 6.6 ka do not have the same origin and the varying elevations indicate a highly dynamic fluvial system. Based on terrace ages and on the strath terrace height, 11.5 ± 1.0 m at site T10, the most significant function yields the age of the Q3 terrace of 3,210 ± 150 years, suggesting a relatively constant incision rate. The derived incision rate is 3.6 ± 0.3 mm/yr (Table 3).
[image: Figure 8]FIGURE 8 | The height of the strath in Holocene terraces along the Tecpan River plotted against terraces age.
DISCUSSION
Tecpan basin fill and strath terrace spatial distribution shows a general correlation with segments along the trunk river, i.e., with the distance upstream, the geometry of the river long profile, valley transverse profiles, valley floor width to height index, and sinuosity index (Supplementary Table S1 and Figure 5). Fluvial terraces are best preserved usually in segments characterized by convex longitudinal profile, wide flat-floored valley (high values of Vf), and high sinuosity together with low values of indices related to vertical incision potential of the river (i.e., gradient, SL, ksn). Alternatively, in bedrock with steep V-shaped valley and predominantly vertical river incision, fluvial terraces are absent.
Spatiotemporal Variations of Derived Rock Uplift Rates and Geomophometric Indices
The Holocene incision rates calculated with OSL ages of fluvial terraces along the Tecpan River are an approximation for rock uplift rates in the forearc within the Guerrero Seismic Gap. However, river incision rates may lag uplift and cause complex fluvial system response and thus may yield a minimum constraint (Lavé and Avouac, 2000; Evenstar et al., 2020). These results indicate that incision rates are relatively constant in time, but not in all spatial scales with inferred rates of uplift of 3.2 to 4.5 mm/yr since the mid-Holocene (Table 3).
However, apparent incision rates show spatial variations along segments of the Tecpan River. For example, the incision rate for Q1 terraces varies between 1.2 mm/yr downstream, segment 1, at site T2, and 4.5 mm/yr upstream, in the upper part of segment 3, at site T21. In contrast, Q2 terraces showed the highest vertical deformation rates for river segments eroded in to or adjacent to bedrock channels (Figure 9). High relative uplift rates are also corroborated by morphometric indices and with highest values of MBE (Figures 3, 4, 6, and 9, Table 2 and Supplementary Table S2). The apparent increment of incision rates upstream correlates with the spatial distribution of the minimum bulk erosion (Figure 4; Gaidzik and Ramírez-Herrera, 2017). Similar correlation was observed also for the Papagayo River in the eastern boundary of the Guerrero Seismic Gap (Ramírez-Herrera et al., 2018), indicating temporal and spatial continuity of elevated incision rates.
[image: Figure 9]FIGURE 9 | (A) Incision rates (left vertical axis) determined from OSL dating of Holocene terraces along the Tecpan River plotted with respect to distance along the valley’s longitudinal profile (right vertical axis). (B) Incision rates (red columns) drawn on a perspective three-dimensional view of the Tecpan River drainage basin; LVF—La Venta Fault.
Terrace spatial distribution shows a general correlation with segments along the trunk river, e.g., particularly with the distance upstream, the geometry of the river long profile and valley transverse profiles, valley floor width to height index, sinuosity index, and other morphometric indices (Table 2 and Figure 5). River terraces are often preserved in segments characterized by convex longitudinal profile, wide flat-floored valley (high values of Vf), and high sinuosity together with low values of indices related to vertical incision potential of the river (i.e., gradient, SL, ksn). In the Tecpan basin, these are mainly segments 1, 2, 3, and subordinate segment 4. Conversely, in bedrock channels with steep V-shaped valley and predominantly vertical river incision, fluvial terraces are mostly absent.
The thickness of the Holocene alluvial deposits atop the straths does not show considerable thickening or thinning downstream or upstream. This infill reflects changes related to the local relief on the terrace strath from anthropogenic impacts, the terrace location with respect to the valley-bottom edges, and the proximity to significant tributary streams. This might indicate that the modern channel and its deposits represent valley-bottom conditions throughout the Holocene (Wegmann and Pazzaglia, 2002).
Segments along the Tecpan River with rare to none river terraces, together with narrow V-shaped valleys (i.e., segment 1 in the upstream part, 2, 4, and 5), correspond with high values of river gradient, stream-length gradient index, and normalized channel steepness index, together with low values of valley width to height index and sinuosity index (Table 2, Figures 2–4). Knickpoints and knickzones for > 1-km-long sections with anomaly higher gradient occur frequently for segments with high vertical incision and valley-bottom narrowing. These sections upstream of segment 1 often coincide with the traces of W-E strike-slip crustal faults with up to 30%, dip-slip component (Gaidzik et al., 2016). The estimated rock uplift rates from field measurements and OSL ages is consistent with inferred differential uplift (Gaidzik and Ramírez-Herrera, 2017).
Forearc Rock Uplift Rates
The relatively high incision rates for the Tecpan River transect are comparable with those computed for the Papagayo River (Ramírez-Herrera et al., 2018), located in the eastern boundary of the Guerrero Seismic Gap. There, the derived Holocene uplift rates vary from 2.4 mm/yr to ∼4.9 mm/yr, with significant increase upstream. Variations in uplift rates in the Papagayo River were explained by the geometry of the subducting slab and/or crustal faults (Ramírez-Herrera et al., 2018). Incision rates calculated along the Tecpan River within the Guerrero forearc are comparable and even higher for Mexican subduction zones (Ramírez-Herrera et al., 2018) and for other subduction zones, such as Cascadia (Wegmann and Pazzaglia, 2002), New Zealand (Berryman et al., 2010; Bonnet et al., 2019), Chile (Farías et al., 2005; González-Alfaro et al., 2018), and Costa Rica (Marshall et al., 2007). High vertical deformation rates up to ∼5 ± 0.6 mm/yr recorded for the Guerrero seismic gap are similar with Holocene incision rates computed for the Nicoya Peninsula seismic gap in Costa Rica (1–6.5 mm/yr; Marshall et al., 2007). However, relatively high long-term incision rates in the Guerrero seismic gap suggest that such gaps may have ephemeral features and possibly artifacts of the limited observational seismic record and independent of deformation on 102 104 years timescales.
Potential Sources of Differential Rock Uplift Rates
Variations in incision rates are controlled mainly by lithology, climate change, and tectonic activity across the Guerrero forearc (e.g., Merritts et al., 1994; Pazzaglia and Brandon, 2001; Wegmann and Pazzaglia, 2002; Wegmann and Pazzaglia, 2009; Ramírez-Herrera et al., 2018; and Su et al., 2020). The height and age of Holocene terraces yield apparent incision rates and, thus, derived uplift rates along the Tecpan River. Variations in climate and changes in sea level may influence river incision rates (e.g., Merritts et al., 1994; Burbank and Anderson, 2001; Gao et al., 2016; Su et al., 2020; and Wu et al., 2020). However, in the study area, the local sea level has remained relatively constant since the mid-Holocene, ca. 6,000 yr B.P. (Curray et al., 1969 and Sirkin, 1985), i.e., the age of the oldest Q4 terraces in this study. The projected global model of sea level variability also coincides with the local eustatic changes (Peltier, 2004; Peltier et al., 2015). Nevertheless, we cannot neglect the possibility of a delayed response of these terraces to the earlier sea level changes. The lithology of the Tecpan River basin is relatively homogenous, composed predominantly of granite and gneiss, with the subordinate occurrence of volcanic rocks in the most upstream segments, outside the study area and the location of dated river terraces. Variation in bedrock lithology is small within the studied reaches of the Tecpan River, which can affect the rate of fluvial erosion (Burbank and Anderson, 2001). Thus, the observed differential rock uplift rates inferred from incision rates appear to be independent of variations in rock erodibility.
We propose three probable hypotheses to explain increments in the tectonic uplift rates in GSG forearc as follows.
1) The geometry of the subduction zone appears to influence the long-term vertical deformation rates in the overriding upper plate across the Guerrero forearc in the Mexican subduction zone. The highest incision rates for upstream segment 2 may coincide with the change in the geometry of the subducting slab, from gently ∼7° to steeply dipping ∼35° (Figure 10). This concave bend results in crustal thickening and normal extension in the upper crust of the overriding plate. Recent seismic events in the Mexican subduction zone indicate a normal-faulting rupture, where the curvature of the subducting plate is high, such as bending of the subducting slab, for example, the Mw 8.2 Tehuantepec earthquake on September 8, 2017 (Melgar et al., 2018b), the Mw 7.1 Puebla-Morelos earthquake on September 19, 2017 (Melgar et al., 2018a), and the Mw 5.9 Coyuca earthquake on October 8, 2001, that occurred in the Guerrero Seismic Gap, ∼ 60 km east of the Tecpan River (Pacheco et al., 2002).
2) La Venta fault regional structure represents sinistral motion with a significant (30%) dip-slip component. There are surprising variations apparent in uplift rates along the Tecpan River. An uplift rate of ∼1 ± 0.3 mm/yr occurs downstream, whereas, 18 km from the coast, the incision rate is ∼5 ± 0.6 mm/yr for segments 2 and 3 and appears to be related to the trace of La Venta Fault and other W-E crustal faults (Figures 1, 9). This regional structure, representing sinistral motion with a dip-slip component results from the obliquity of the Mexican subduction zone, which apparently deflects and offsets rivers across the Guerrero forearc (Gaidzik et al., 2016), controls the spatial variation in long-term vertical deformation along the Papagayo River (Ramírez-Herrera et al., 2018). Current activity of La Venta Fault in Guerero Seismic Gap has been associated with a decrease in seismicity from this fault to the north (Kostoglodov et al., 2015) and earthquake swarms SSEs with trench-parallel motion in Oaxaca (Fasola et al., 2019). Although the La Venta Fault and other W-E structures are predominantly strike-slip lineaments, a small dip-slip component (up to 30%) could locally increase incision rates on the upthrown block (northern block; segment 2) and enhance net deposition on the downthrown block, i.e., segment 1 with the predominance of fill terraces. The above-mentioned observations suggest that crustal faults occur subparallel to the subduction zone and partially control the observed pattern of incision rates in the Guerrero forearc. Tectonically driven rock uplift and high river-incision rates associated with regional crustal thickening resulting from the activity of strike-slip faults have been recognized also in the Tibetan Plateau (Su et al., 2020). The location of the La Venta Fault coincides with observed high values of incision rates upstream from segment 2. In the Tecpan drainage basin, we observed mainly strike-slip faults parallel to the subduction zone that accommodates the oblique convergence with up to 30% normal fault component (Gaidzik et al., 2016). This extensional dip-slip component of W-E faults may be partially controlling the observed pattern of uplift rates. Thus, recorded strike-slip faults with dip-slip component are probably related to the interaction of oblique convergence in the Mexican subduction zone that triggers slip partitioning and sinistral forearc sliver and the normal regime produced by the bend in the geometry of the subducting slab. This mechanism can explain high uplift rates upstream from the LVF and bend in the subducting slab geometry and low values downstream up to subsidence observed on the coast (Ramírez-Herrera et al., 2007; Ramírez-Herrera et al., 2009; and Ramírez-Herrera et al., 2011). Thus, we hypothesize that the observed differential incision/uplift rates pattern is mainly controlled by crustal W-E faults and subduction-related (regional) uplift as proposed for other forearc areas (e.g., Personius, 1995; Ramírez-Herrera et al., 2018; and Robertson et al., 2019).
3) Seamount subduction hypothesis: although GSG seamounts are smaller than the Japanese counterparts (Mochizuki et al., 2008), we hypothesize that another cause for increments in the tectonic uplift rates might be associated to the subduction of seamounts and roughness of the Cocos plate under this portion of the Guerrero forearc, experiencing isostatic and collisional process (Cerny et al., 2020). Subduction of seamounts has been found to be producing a significant effect on both regional seismicity and the deformation of both the subducting and the overriding plates (Scholz and Small, 1997). The Guerrero forearc where there is a belt of subducting seamounts, ∼1,000 m high, shows increase in seismic activity (see Figure 5 in Cerny et al., 2020). This can be compared with the Joban seamount chain subducting offshore the Japan trench (Cerny et al., 2020). Such increase in upper plate deformation due to seamount and ridge subduction has been observed for instance in Costa Rica where seamounts domain over a 100 km from the trench denote rock uplift rates (e.g., Wells et al., 1988; Dominguez et al., 1998; Fisher et al., 1998; and Morell, 2016), Japan (e.g., Wallace et al., 2009), and Peru (Hampel et al., 2004).

[image: Figure 10]FIGURE 10 | Diagram presenting the location of the Tecpan River drainage basin in a forearc of the Mexican subduction zone; LVF–plate-boundary subparallel left-lateral strike-slip La Venta Fault produced by oblique Mexican subduction (the angle of obliquity = 12°); black arrow shows the convergence rate (DeMets et al., 2010); red arrows show the left-lateral strike-slip motion along the forearc sliver. Note the correlation between LVF, bend in the geometry of the subducting slab, seamount subduction, and the apparent increment in the incision rates.
It is likely that not one but the three invoked mechanisms, explained above, influence uplift rates and their distribution across and along the forearc. The geometry of the subduction across the Guerrero forearc in the Mexican subduction zone influence has also been observed east of the Tecpan River, along the Papagayo River where an increment in uplift rates has been attributed to changes in the geometry of the subducting plate (Ramírez-Herrera et al., 2018). On the other hand, the La Venta strike-slip faults with dip-slip component triggers slip partitioning and sinistral forearc sliver and the normal regime produced by the bend in the geometry of the subducting slab. This fault system also extends east, beyond the Papagayo River (Ramírez-Herrera et al., 2018). Thus, the two mechanisms seem to be related and both can explain differences in the spatial distribution of uplift rates. Finally, the third mechanism, which apparently causes increments in tectonic uplift rates and might be associated with the subduction of seamounts and roughness of the Cocos plate under this portion of the Guerrero forearc, must probably has a local effect.
CONCLUSION
We mapped, measured, and OSL dated Holocene fluvial terraces along the Tecpan River and calculated incision rates across the forearc in the Guerrero Seismic Gap of the Mexican subduction zone. Our results show uplift rates between 1.2 and 4.9 mm/yr since the mid-Holocene that generally increase upstream with local deviations. High values of long-term vertical deformation of >3.5 mm/yr coincide with the trace of intraplate W-E left-lateral faults with a small dip-slip component and changes in the geometry of the subducting slab. Apparent increment in rock uplift rates upstream seems to be related with subducting slab bending that produces crust thickening, and normal extensional regime in the upper crust of the overriding plate. High uplift rates in this segment of the Mexican subduction zone may be also associated with the roughness and seamount subduction of the Cocos plate. Values of derived uplift rates during the Holocene in the Guerrero seismic gap corroborate high tectonic activity in this zone, and seismic gaps may have ephemeral features. Rock uplift and spatial variations of uplift rates reflect a response to the geometry, crustal strike-slip faults with dip-slip component, and the rugged seafloor of the oceanic Cocos plate subduction beneath a faulted continental lithosphere. Thus, rivers respond to active tectonics along subduction zones including active surface faults on the continental lithosphere and deeper plate tectonic processes. Additional studies are needed in tectonically active subduction zones that decipher fault and underlying plate controls on complex Earth surface processes.
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