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Excavated trenches at two sites across the Marquesado–La Rinconada fault system along the eastern Precordilleran front south of San Juan, Argentina, reveal the earthquake history of this rapidly urbanizing region. Interpretation of earthquakes is based on both the generation of colluvial wedges and upward fault terminations, as well as folding events in fine-grained alluvium ponded behind upslope-facing fault scarps. The ages of the past five interpreted earthquakes at the Loma Negra site are E1 at 2.8 ± 2.8 ka, E2 at 7.1 ± 1.5 ka, E3 at 9.6 ± 1.3 ka, E4 at 14.4 ± 2.1 ka, and E5 at 17.2 ± 3.1 ka. At the Jejenes sites, we documented event ages of 2.7 ± 0.1 ka, 3.9 ± 0.6 ka, 5.9 ± 1.3 ka, and 11.4 ± 4 ka. These results indicate that the recurrence interval along the Marquesado–La Rinconada fault zone averages several thousand years. The inferred displacements at the Jejenes site are about 1.1 m for E1, E3, and E4 and 2.1 m for event E2, whereas the displacements at Loma Negra averaged about 1 m, but the most recent event displays less slip. Notably, the older events seem to have been larger and emergent, whereas the youngest event appears to have been smaller and blind in the ponded sediment; this may partially explain the poor expression of classic colluvial wedges associated with some events. Despite the fact that active surface faulting has an uncertain relationship with the primary seismic sources at depth in the crust, past and future events of Mw ∼7.5 are consistent with the length scale of active deformation, the ∼1–2 m slip per event scale of these ruptures, and the size of historical earthquakes.
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INTRODUCTION
The retroarc thrust belt along the eastern flank of the Andes is one of the most potentially hazardous shallow crustal seismic zones in South America because of its high strain rate and active mountain-building (Brooks et al., 2011; Weiss et al., 2015; Costa et al., 2021). However, the blind nature of faulting along most parts of the Andean orogenic front and the vegetation cover over much of its length, aside from making it difficult to access, resulting in scarce exposure of the Quaternary deformation zones, hampering a suitable analysis of the paleoseismic record of these Quaternary thrusts (Dumont, 1996; Audemard, 1999; Baby et al., 1997; Bes de berc et al., 2005; Costa et al., 2021; Lombardo and Grützner, 2021, among others). In Central Western Argentina, the active faults expressed at the surface crop out along the east flank of the Eastern Precordillera (Bastías et al., 1984; Fielding and Jordan, 1988; Costa et al., 2006) (Figures 1, 2), where historical crustal earthquakes have severely damaged the Mendoza and San Juan urban areas. The Eastern Precordillera is a narrow belt of west-vergent surface thrusts between the east-vergent Precordillera fold-and-thrust belt to the west and the basement uplifts of the Sierras Pampeanas structural province to the east (Figure 1) (Ortiz and Zambrano, 1981; Fielding and Jordan, 1988; von Gosen, 1992; Cristallini and Ramos, 2000). It has been proposed that active upper crustal deformation in the Eastern Precordillera is directly linked to structures in the middle and lower crust (Figure 1) (Ramos et al., 2002; Vergés et al., 2007; Meigs and Nabelek, 2010; Bellahsen et al., 2016). Thus, active faults and folds exposed throughout the Eastern Precordillera provide constraints on the rates and timing of crustal shortening and seismic hazards related to crustal faults (Costa et al., 2000, 2014, 2019; Ahumada and Costa, 2009; Schmidt et al., 2011; Rockwell et al., 2014; Richard et al., 2019; Rimando et al., 2019).
[image: Figure 1]FIGURE 1 | Regional map showing the active orogenic front of the Andes, located along the foothills of the Precordillera fold and thrust belt. Mendoza and San Juan cities are noted. The inset shows the interpreted structure along the Sierra Villicum, source region of the 1944 earthquake (from Meigs and Nabelek, 2010). The structure south of San Juan is generally the same, with the surface faults interpreted as backthrusts. The locations of the 1944 Mw 7.0 La Laja, the 1952 Mw 6.8 La Rinconada, and the 1977 Mw 7.5 Caucete earthquakes are shown (from Alvarado and Beck, 2006).
[image: Figure 2]FIGURE 2 | Google Earth image of the Eastern Precordillera along the Chica de Zonda range front. It should be noted that the west-verging faults produce uphill-facing scarps in the piedmont, interpreted as backthrusts that have emerged along bedding, resulting in areas of alluvial ponding. The areas where paleoseismic trenching were undertaken are indicated as the Loma Negra and Jejenes trench sites, with detailed maps presented in Figures 3, 4.
The 1944 Mw 7.0 La Laja and the 1952 Mw 6.8 La Rinconada earthquakes occurred beneath the eastern piedmont of the Eastern Precordillera of San Juan (Figure 1). However, many open questions remain regarding the nature and characteristics of the suspected earthquake sources. Whereas the 1944 event ruptured along discrete pre-existing scarps (Castellanos, 1944; Groeber, 1944; Instituto Nacional de Prevención Sísmica, 1982; Bastías et al., 1984; Paredes and Perucca, 2000; Meigs et al., 2006; Rockwell et al., 2014, among others), no records of surface deformation have been reported for the 1952 earthquake. Analyses of the historical seismograms of the 1944 hypocenter yield alternative depths for the event. Alvarado and Beck (2006) argue for a <12 km depth (Instituto Nacional de Prevención Sísmica, 1982). In contrast, Meigs and Nabelek (2010) place the event at ∼25 km. The 17–30 km depth range of the 1977 Caucete and other, deeper events (Kadinsky-Cade, 1985; Alvarado et al., 2005), however, imply that active faults lying beneath the Eastern Precordillera and Sierras Pampeanas regions extend through the crust. Given that surface rupturing faults along the east flank of the Eastern Precordillera include both long-lived west-vergent thrusts and flexural-slip faults related to crustal-scale folds (Costa et al., 1999; Meigs et al., 2006; Rockwell et al., 2014), the rupture of the La Laja fault in 1944 underscores the challenge of linking coseismic surface ruptures with source faults at depth (Figure 1; Meigs et al., 2006; Vergés et al., 2007; Meigs and Nabelek, 2010).
Rockwell et al. (2014) addressed the deformation record of the La Laja fault near the epicentral area of the 1944 event for the past ∼35 ka. They document nine surface-rupturing earthquakes with similar or even larger coseismic slip than occurred during the 1944 Mw 7.0 La Laja earthquake. Age data indicate an average recurrence interval of ∼4 ka for events that rupture the La Laja fault.
Unveiling the earthquake history of the active faulting is a necessary effort given the hazard that these structures pose for the Mendoza–San Juan region (∼2 million people). In this paper, we present the results of detailed mapping and trenching at two sites along the Marquesado–La Rinconada fault zone, the longest and most continuous fault with surface expression in the Eastern Precordillera (Groeber, 1944) (Figure 2). A pattern of meter-scale surface ruptures on faults with millennial-scale recurrence for the active fault of the Eastern Precordillera has emerged from these new data.
REGIONAL TECTONIC SETTING
The Central Andes are generally regarded as a type-example of noncollisional fold-and-thrust belts (Jordan et al., 1983), where mountain building is principally driven by subduction geodynamics (Ramos, 1988, 2009; Gutscher et al., 2000; Oncken et al., 2006). The study area is in the South Central Andes, where the collision of the Juan Fernández aseismic ridge after ∼8 Ma and consequent flat-slab subduction are the main events that have controlled the orogenesis between 27 and 33°S latitudes (Gutscher et al., 2000). The orogenic front on the east flank of the Andes migrated eastward with time, resulting in the successive growth of the Principal Cordillera, Frontal Cordillera, and Precordillera from west to east (Ramos, 1988, 2009; Ramos et al., 2002). Precordillera fold-and-thrust belt structures developed during the Pliocene and Pleistocene (Ramos, 1988). A shift of deformation from the Precordillera into the Eastern Precordillera and Sierras Pampeanas structural provinces is attributed to the onset of flat-slab subduction (Jordan et al., 1983; Jordan and Allmendinger, 1986; Fielding and Jordan, 1988; Ramos et al., 2002). Crustal shortening across the east flank of the Andes absorbed ∼60–75% of the total convergence between the trench and the foreland at 30°S over the past 10–15 Ma (Allmendinger et al., 1990).
The amount of seismic energy released in the upper plate along flat-slab segments is argued to be, on average, three to five times greater than in sectors with normal subduction angles (Gutscher et al., 2000). Accordingly, nearly 50% of the documented Quaternary deformation and the most active structures in Argentina are concentrated within the Andean Orogenic Front between 27 and 32° S latitudes (Costa et al., 2000; Costa et al., 2006; Costa et al., 2021; https://sigam.segemar.gov.ar/visor/). GPS-derived velocity fields support these results, which suggest elastic shortening rates between the Eastern Precordillera and the Western Sierras Pampeanas range from 2 to 7 mm/a (Kendrick et al., 1999; 2001; Brooks et al., 2003), coincident with large historical seismicity that is concentrated between the Precordillera and the Sierras Pampeanas (Cahill and Isacks, 1992; Smalley et al., 1993; Engdahl et al., 1998; Gutscher et al., 2000; Alvarado and Beck, 2006; Alvarado et al., 2009).
Structural geometry and style vary both across and along strike, which reflects the combined influences exerted by the Paleozoic sedimentary prism in the shallow crust and the reactivation of Paleozoic thrust structures in the middle and lower crust (Ramos, 1998; Ramos et al., 2002). Imbricate thrust slices in the east-vergent Precordillera formed above a décollement in Silurian strata (von Gosen, 1992). Exposures of Cambro-Ordovician sediments suggest a stratigraphically lower detachment in Cambrian rocks characterized by the west-vergent Eastern Precordillera upper crustal structures (Meigs et al., 2006; Vergés et al., 2007; Richard et al., 2019). Precambrian metamorphic rocks exposed at the surface, along with seismicity to depths of 40 km, indicating that the Sierras Pampeanas structures extend through the crust (Kadinsky-Cade, 1985; Smalley et al., 1993; Ramos and Vujovich, 2000; Ramos et al., 2002; Galindo et al., 2004).
The zone of current deformation corresponds to a N–S-trending belt of active faulting and folding, crustal seismicity, and interseismic strain accumulation that spans the Eastern Precordillera and Sierras Pampeanas structural provinces (Figure 1) (Instituto Nacional de Prevención Sísmica, 1982; Kadinsky-Cade, 1985; Smalley et al., 1993; Brooks et al., 2003; Alvarado and Beck, 2006; Meigs and Nabelek, 2010; Costa et al., 2021). The locus and partitioning of active thrusting change systematically along strike from north to south. At the latitude of San Juan (∼31.5°S; Figure 1), fold and fault scarps in terraces, along with other evidence of active faulting, are restricted to the eastern flank of the Eastern Precordillera and the Sierras Pampeanas regions (Fielding and Jordan, 1988; Meigs et al., 2006; Vergés et al., 2007). The Precordilleran and Eastern Precordilleran frontal thrusts juxtapose Paleozoic rocks against Neogene redbeds, and offset terraces reveal that these range-bounding faults are active in the Quaternary in many cases (Paredes and Bastías, 1987; Uliarte et al., 1987; Siame et al., 2002; Ahumada and Costa, 2009; Perucca and Vargas, 2014; Blanc and Perucca, 2017). To the south, at ∼ 32°S, active faulting is distributed between west-dipping faults that mark the Southern Precordillera thrust front (Las Peñas and Las Higueras thrusts) and east-dipping thrust sheets comprising the Eastern Precordillera (Costa et al., 2000; Vergés et al., 2007; Ahumada and Costa, 2009; Costa et al., 2014). Nominal amounts of shortening at low rates characterize the Pampeanan ranges, located ∼250 km to the east (Costa et al., 2018; Costa et al., 2021).
METHODS
We mapped bedrock, alluvial fans, and river terraces in each of the two study sites using Google Earth imagery and aerial photography (Figures 3, 4). A site-specific river terrace and alluvial fan nomenclature were adopted for the two study sites. The relatively youngest surface, typically an active channel or fan, was denoted by the symbol Q1, and topographically higher surfaces were indicated by successively higher numbers. The number of surfaces and relative age nomenclature are not directly correlative between the two study sites. The correlation of surfaces between sites relied on absolute surface exposure dates. Terrestrial cosmogenic nuclide (TCN) surface exposure and burial ages and optically stimulated luminescence (OSL) ages have been reported for both study areas by Hedrick et al. (2013). New OSL and 14C ages presented in this paper provide additional control for the younger deposits and surfaces.
[image: Figure 3]FIGURE 3 | Quaternary alluvial deposits and underlying structure of the Miocene bedrock in the Loma Negra area. Locations of trenches 1 and 2 are indicated by small rectangles. It should be noted that the Q2 deposits of Hedrick et al. (2013) are remapped here as Q3a based on our new age data (revised from Hedrick et al. 2013).
[image: Figure 4]FIGURE 4 | Quaternary deposits along the Chica de Zonda piedmont in the Jejenes drainage area and location of fault trenches (after Hedrick et al., 2013).
Faults expressed at the surface typically verge west, uphill relative to the eastward sloping terrace and alluvial fan surfaces that flank the Eastern Precordilleran ranges. Uphill-facing fault scarps, against which fine-grained alluvium and scarp erosional products accumulate, provide nearly ideal sites to excavate paleoseismic trenches (Rockwell et al., 2014). These areas pond and trap sediment on the surface of the terrace in the fault footwall. Material that accumulates above the terrace deposit includes fine sand and silt transported between faulting events and colluvial material produced by scarp degradation immediately after an event. We excavated two trenches at the Loma Negra site on the Marquesado fault and four trenches at the Quebrada Jejenes site on the La Rinconada fault to constrain the rupture history of the Marquesado–La Rinconada fault system (Figure 2).
The trenches were excavated to a depth of ∼2.5–3 m, with steeply sloping walls to ensure stability. Each trench face was photographed meter by meter, from which we constructed photomosaics for most trench walls, except for Jejenes T1. Logging was accomplished on print-outs of the photomosaics at a scale of about 1:10; Jejenes trench T1 was logged on graph paper. The sediment characteristics were described at each site (Supplementary Material). OSL and charcoal samples were collected to provide age control for the faulted units. For the Loma Negra trench site, we also dug soil pits upslope and downslope from the trenches (Figure 3) to establish whether the alluvial fan surfaces correlate across the fault; soils were described according to Soil Survey Staff (1993; updated to 2017).
The OSL samples were collected by driving opaque black tubes (ABS) into the finer-grained silty sand strata, covering the tubes in aluminum foil, and then taping and preparing them for transport to the laboratory. The OSL samples were processed at the Luminescence Laboratory at the University of Cincinnati following standard published procedures (Supplementary Text). The charcoal samples were collected in glass vials and transported back to the Quaternary Laboratory at SDSU. They were cleaned and picked under a microscope before processing for AMS 14C dating at the UCI CAMS facility, and all ages were calibrated using OxCal v4.4.4 (Bronk-Ramsey, 2021; atmospheric data from Reimer et al., 2020).
STRUCTURAL SETTING OF ACTIVE FAULTS ON THE EASTERN FLANK OF THE EASTERN PRECORDILLERA
The Marquesado and La Rinconada fault zones crop out along the eastern piedmont and backlimb of the Sierra Chica de Zonda, one of the west-vergent thrust sheets that constitute the Eastern Precordillera (Figure 1) (Ortiz and Zambrano, 1981). As is typical in the Eastern Precordillera, a discontinuous series of faults and fold scarps mark the surface expression of active deformation. Active folds and faults crop out along the length of Sierra Chica de Zonda, which extends more than 50 km to the south of the San Juan River (Figure 2; Groeber, 1944; Bastías et al., 1984; Martos, 1987; Costa et al., 1999; Richard et al., 2019; Rimando et al., 2019, among others). Faults tend to have moderate-to-steep dips and have the same dip as bedding in the Neogene bedrock. Whereas some faults cut bedding, the fact that most faults are bedding-parallel supports the interpretation of the faults as either backthrusts with a hanging wall flat geometry or as flexural-slip faults related to folding (Costa et al., 1999; Meigs et al., 2006; Rockwell et al., 2014). The observation that active surface faulting south of San Juan is confined to a single thrust fault zone better supports the backthrust hypothesis, as flexural-slip faulting should be volumetric and occur over a broad width of the folded rocks.
The trenches provide evidence for multiple Late Quaternary faulting events at each site, which constrain the timing of past large earthquakes. The stratigraphic packages exposed by the trenches at each location were generally similar. A coarse alluvial fan or terrace deposit unconformably overlies Neogene bedrock, which is overlain in turn by alternating ponded alluvial and colluvial deposits. We first present results from the Loma Negra site along the Marquesado fault in the north and then the Quebrada Jejenes site, located along the La Rinconada fault in the south. The results from each site are compared to one another and other studies along the eastern flank of the Eastern Precordilleran in the Discussion section.
LOMA NEGRA SITE, MARQUESADO FAULT
The Loma Negra site lies near the northern end of the Sierra Chica de Zonda and comprises a set of <2 km-long fault segments that discontinuously crop out from Embalse de Ullum (31.46°S, 68.65°W) to an unnamed dry riverbed ∼20 km to the south (31.65°S, 68.65°W). The northernmost and longest fault in this part of the fault system strikes sub-parallel to the NE trend of the Zonda thrust, which bounds the west flank of the range (Figure 2). A clearly defined, linear ∼2 km-long scarp characterizes the fault trace, which lies between the Rio San Juan and Quebrada de Zonda to the south, a paleochannel of the Rio San Juan. The fault developed within homoclinal Cenozoic redbeds, which dip 24° to 35°E, thrust over the thin and tabular Quaternary alluvium that unconformably overlies bedrock (Instituto Nacional de Prevención Sísmica, 1982; Paredes and Bastías, 1987; Costa et al., 2000; Perucca and Vargas, 2014), and has been imaged by geophysical methods (Correa-Otto et al., 2018).
Three subparallel, <1 km long faults and a fold scarp comprise the Marquesado fault system at Loma Negra (Figure 3). A curved map trace and east dip that mimics the strike of bedding in the Neogene bedrock defines the fault topology (Figure 2). Fault strike is discordant, however, to the NE–SW-trending bedding of the Paleozoic rocks, suggesting that Cenozoic bedding surfaces control the orientation of the fault planes. We trenched two of the three fault strands at the Loma Negra site, although only the central strand accumulated fine-grained alluvium that could be interpreted and dated.
Loma Negra trenches
Two trenches (T1 and T2), spaced about 10 m apart, were excavated in a closed depression containing ponded alluvium on the middle of the three fault strands at Loma Negra (Figure 3). The stratigraphic section in each trench was nearly identical and is summarized in the Supplementary Material. Units 400–600 were coarse, sandy gravel alluvium interpreted as alluvial fan deposits. Unit 600 in the hanging wall was interpreted to be older than unit 400 in the footwall because the soil developed in unit 600 was better developed than in unit 400 upslope from the trench (soil descriptions in Supplementary Material). All deposits younger than unit 400 in the footwall were finer-grained and interpreted as deposits that accumulated against the uphill-facing scarp created by hanging wall uplift and folding. Some of the fine-grained ponded alluvium may have resulted from dust production from rockfalls produced by earthquakes (Rockwell et al., 2014; Karlsson et al., 2021). Although some of the dust may have been derived from nearby playas, most deposition at the scarp is likely the consequence of channeled flow on the alluvial fan surface transporting fines toward the fault scarp. Strata in the hanging wall, composed entirely of massively bedded sandy gravel, warps down to the west into the fault. We interpreted this as a hanging wall fault-related fold.
Five faulting events were interpreted from the Loma Negra trenches, which we named E1 (most recent) to E5. Event E5, indicated by a purple contact in Figures 5, 6, is interpreted to have displaced units up through 300 and produced a colluvial wedge of clastic material, indicated as CW5 in Figures 5, 6. Unit 300 is the most recent evidence of the transport and deposition of gravel on this part of the alluvial fan. Event 5 forced deposition of CW5 and units 290 and 280, which thicken against the fault scarp. A discrete colluvial wedge is best identified in trench T1S (CW5; Figure 5B), where it buries unit 300 and is overlain by unit 280. An older fine-grained fill, unit 350, is present in the fault zone and may indicate an earlier event, but no other observations support this, as the trenches were not deep enough. In T1N (Figure 5A), unit 280 is wedge-shaped, thickening toward the fault, and is interpreted as age-equivalent or younger than CW5. Although CW5 ought to have consisted primarily of coarse gravelly alluvium derived from the hanging wall, CW5 is composed primarily of fine-grained silty sediment in the footwall. Figure 6 shows a possible section of CW5 between fault strands, which may explain the finer grain size in the footwall of the lower strand. The lithology of units 280 and 290 suggests that silty sediments may get blown up against the scarp and represent the primary source of colluvial material in some exposures. In trench T2, a possible colluvial wedge associated with E5 is present on both walls (Figure 6), but it is refaulted in the T2N exposure and now resides in the hanging wall of the lowest fault. Notably, the possible CW5 colluvial wedge is matrix-supported gravel, which contrasts with the grain-supported units 300 and 400, supporting the colluvial wedge interpretation. Additional evidence for event E5 in T1N and T1S is the presence of ponded alluvial strata of units 290 and 280, which demonstrate that a scarp was present in the pond alluvium. OSL data indicate that unit 350 is 17.8 ± 4.4 ka, CW 5 is 14.9 ± 3.2 ka, and unit 290 is 14.6 ± 1.7 ka, constraining the approximate age of event E5 to between 15 and 18 ka.
[image: Figure 5]FIGURE 5 | (A) Log of the north wall of Loma Negra trench T1 (T1N). CW indicates the position of interpreted colluvial wedges based on their wedge-shaped geometry and truncation against the fault. Colored lines indicate the ground surface at the timing of each event, as discussed in the text. Sample locations are tied to the OSL dating presented in Table 2. (B) Log of the south face of Loma Negra trench T1 (T1S). CW indicates the position of interpreted colluvial wedges based on their wedge-shaped geometry and truncation against the fault. Colored lines indicate the ground surface at the timing of each event, as discussed in the text. Sample locations are tied to the OSL dating presented in Table 2.
[image: Figure 6]FIGURE 6 | (A) Log of the north face of Loma Negra trench T2 (T2N). CW indicates the position of interpreted colluvial wedges based on their wedge-shaped geometry and truncation against the fault. Colored lines indicate the ground surface at the timing of each event, as discussed in the text. Sample locations are tied to the OSL dating presented in Table 2. (B) Log of the south face of Loma Negra trench T2 (T2S). CW indicates the position of interpreted colluvial wedges based on their wedge-shaped geometry and truncation against the fault. Colored lines indicate the ground surface at the timing of each event, as discussed in the text. Sample locations are tied to the OSL dating presented in Table 2.
Event E4, indicated by the green horizon in Figures 5, 6, is interpreted to affect units 280 and older. In trench T1S, a fault splay breaks up through unit 280 and is capped by unit 270. In trench T2N, a fault splay breaks up into unit 280 but is disrupted by a filled burrow; this strand is also capped by unit 270. In all trench exposures, unit 270 itself is wedge-shaped (CW4?) with a gravelly basal wedge capped by finer colluvium, consistent with colluvial growth from the scarp. However, the fine-grained component does not have an obvious source. Either silty material blew up against the scarp or most of the colluvium was derived from a fine-grained surface soil on the hanging wall, which suggests that the thrust tip may not have reached the surface locally. Unit 270 yielded an OSL age of 15.3 ± 4.7 ka (Figure 6A).
Event E3, indicated by the orange horizon in Figures 5, 6, is interpreted to have occurred after the deposition of unit 230 and before the deposition of the wedge-shaped unit 220 (CW3). A fault splay cuts up through unit 230 and is capped by unit 220 in T1N (Figure 5B) and possibly in T2N (Figure 6A). The geometry of unit 220 suggests that it is a colluvial wedge. The lithology of unit 220 is almost entirely fine-grained, which implies that a relatively thick mantle of fine-grained material coated part of the scarp to source the fine-grained wedge. A small clastic deposit interfingers with the fine-grained wedge exposed in T2S and T1S, and fine-grained wedges are present in the footwall of a secondary fault splay in T2S and T1S. Whereas the fine-grained wedges may not be classic colluvial wedges that result from the gravitational collapse of the coarse hanging wall gravel, stratigraphic relationships and geometries are consistent with a coseismic or immediate post-seismic origin and imply that fine-grained sediments were blown up against the scarp and were the surface deposits on the scarp at the time of this event. Unit 230 had an OSL age of 8.7 ± 1.0 ka. Unit 260 yielded OSL ages of 12.4 ± 3.4 ka (Figure 5A), 15.3 ± 1.8 ka (Figure 5B), and 17.2 ± 2.7 ka (Figure 6).
Event E2, represented by the yellow horizon in Figures 5, 6, is interpreted as a fault rupture that deformed sediment up through or within unit 135 and is capped by unit 130. In trench face T1N, a small wedge of clastic colluvium is interpreted as a colluvial wedge (CW2), although the relationship is not clear because of later faulting that transferred CW2 to the footwall. In trench faces T1S and T2S, fault splays appear to cut up through unit 140 and are capped by unit 130. In T2N, unit 135 seems to be folded and to be capped by unit 130, and it is not clear whether 135a is faulted or is colluvium that post-dates the event. OSL samples yielded ages of 12.9 ± 2.4 ka for unit 200 and 7.4 ± 1.2 ka for unit 160, whereas samples from unit 135 yielded ages of 9.1 ± 1.5 ka, 9.3 ± 1.9 ka, and 13.2 ± 2.5 ka.
The youngest event, E1, indicated by the blue horizon in Figures 5, 6, was suggested by a fault splay that breaks unit 130 in T1S and is capped by unit 100, a clastic stratum shed from the hanging wall. In T2S, the E2 event horizon (yellow contact) and unit 130 above appear tilted and unconformably overlain by unit 100 (Figure 5B). A fault splay cuts the yellow contact and extends upward into unit 130. Unit 100 above the blue contact appears to have a monoclinal form, which suggests that either the base of unit 100 is folded or that unit 100 was deposited across a fold scarp (Figure 5B). In trench face T1N, the blue contact appears rotated, but the tilt is ambiguous. In T2N, the blue contact is not readily visible and thus yields equivocal evidence for deformation, although clastic unit 100 caps all faults and older strata. These observations suggest that event E1 had relatively minor surface effects when compared to the older interpreted events. OSL ages for unit 130 are 13.2 ± 2.5 ka, 8.5 ± 1.4 ka, and 5.8 ± 1.3 ka.
Altogether, we recognize stratigraphic evidence for up to five surface-rupturing (or near surface-rupturing) events that post-date deposition of units 300 and 400 (which are the same deposit in some exposures). Collectively, reconstruction of the top of unit 300 with the Q3 alluvial fan surface east of the fault requires a maximum of 10–12 m of dip displacement on a 30–40° dipping fault based on estimates from T2; this dip is consistent with Neogene bedrock which dips 25°–38°E in the hanging wall near the trench (Figure 3). This slip estimate assumes that the scarp had been completely buried, which is unlikely, as the soil developed on the fan surface east of the fault precludes post-unit 600 deposition. The minimum dip displacement is indicated by the amount of slip required to place the hanging wall over unit 300/400, which is about 4 m in T1 and 5 m in T2. However, it is likely that units 300 and 400 accumulated against a scarp, as they are interpreted as younger than unit 600 based on soil development. The minimum estimate assumes no erosion from the hanging wall, which is unlikely. If correct, this indicates that part of the 10–12 m implied by relief of the fan across the scarp also accrued during events that are older than unit 400. In any case, we estimate that dip displacement in the last five earthquakes, which post-dates deposition of the Q3 fan deposits, is between 5 and 12 m. This suggests an average minimum displacement per event of about 1 meter. The observation that most of the wedge-like colluvial deposits are fine-grained indicates that only minor amounts of coarse-grained alluvium were eroded from the hanging wall, suggesting that the minimum-slip estimate is close to the actual displacement.
Ages of interpreted Marquesado fault surface ruptures
We analyzed 20 OSL samples collected from units 130 down to 350 from the Loma Negra trenches (Table 1). Five of the samples (SJT2, SJT14, SJT17, SJT19, and SJT20) yielded ages that are greater than the underlying dates by more than their uncertainties. The dose rate was similar for all samples, as was the water content, as expected for an arid environment, so the age inversions are not likely a result of variations in those parameters. Consequently, we interpret those five samples to have a partial bleach signal. The other 15 ages in Table 1 were placed into OxCal, along with the position of the event horizons, to calculate the event probability distributions (PDFs) for the interpreted earthquakes. Multiple ages from the same unit were analyzed as phases. Figure 7 shows the interpreted event ages for the past five surface ruptures. It should be noted that we did not date any samples from unit 100, so we cannot constrain the timing of the most recent event, which could, therefore, be as young as historical in age. The Oxcal model is presented in the Supplementary Material. The ages of the interpreted events are E1 at 2.8 ± 2.8 ka, E2 at 7.1 ± 1.5 ka, E3 at 9.6 ± 1.3 ka, E4 at 14.4 ± 2.1 ka, and E5 at 17.2 ± 3.1 ka.
TABLE 1 | Loma Negra OSL ages by unit. See the electronic supplement for the complete tables of OSL data. Italicized ages are out of stratigraphic order and were not used in the age model.
[image: Table 1][image: Figure 7]FIGURE 7 | Probability distributions for interpreted Loma Negra surface ruptures based on the OxCal model presented in the electronic supplement.
QUEBRADA JEJENES TRENCH SITE, LA RINCONADA FAULT
The La Rinconada fault lies within a zone of folding and faulting that is ∼25 km long and extends along the eastern flank of Sierra Chica de Zonda from an unnamed wash at ∼31.67°S, 68.62°W southward to Quebrada La Flecha (31.91°S, 68.66°W; Figure 2). The La Rinconada fault system south of the Quebrada de Zonda lies ∼2.5 km to the east and does not connect with the Marquesado fault to the north of the quebrada. La Rinconada fault has a nearly continuous trace characterized by a curvilinear (arcuate) geometry, a north trend, and an east dip (Groeber, 1944). Neogene redbeds that unconformably overlie Cambrian to Carboniferous limestones and clastic rocks in the Sierra Chica de Zonda crop out in the hanging wall of the fault (Bastías et al., 1984; Martos, 1987; Richard et al., 2019). The dip of the La Rinconada fault ranges from 29° to 50°E, parallel to the Neogene bedrock layering (Figure 4) (Bastías et al., 1984; Martos, 1987; Costa, 2009; Richard et al., 2019; Rimando et al., 2019). Scarp heights vary from 1 m in low, young river terraces to ∼40 m across higher, older surfaces (Martos, 1987; Richard et al., 2019). Rimando et al. (2019) estimated a late Pleistocene shortening rate of 0.41 ± 0.01 mm/a for the La Rinconada fault, about half of the rate calculated for the La Laja fault north of San Juan (Rockwell et al., 2014).
The La Rinconada fault at Quebrada Jejenes marks the western side of a ∼3-km-wide region of folding, faulting, and uplift (Figure 4). A suite of nine fluvial terraces marked by 1–3 m thick gravel caps rest on a strath surface beveled into Neogene bedrock. The local relative age nomenclature of the geomorphic surfaces spans Q1 (youngest) to Q9 (oldest). Neogene bedrock defines an east-facing monocline (Figure 4). A broad, open fold across the monocline warps the terraces. Two splays mark the main western strand of the La Rinconada fault zone where it crosses the Quebrada Jejenes. The fault zone cuts terraces as young as Q2. The La Rinconada fault is interpreted as being parallel to the hanging wall and footwall bedding, as constrained by field and trench observations (Figure 4). An east-facing fold scarp expressed in all terraces and coincident with a decrease in Neogene bedrock dip from ∼40° to 20°, from west to east, respectively, marks the eastern edge of the uplifted region.
Trenches at Quebrada Jejenes
Four trenches were excavated across the two closely spaced fault strands at the Quebrada Jejenes site (Figure 4). The fault strands are inferred to merge at shallow depths and should therefore record a similar earthquake history. Trenches T1 and T4 were located across the western strand, which is expressed as a scarp in the Q3 surface (Figure 4). The other two trenches (T2 and T3) were located about 40 m apart across the eastern strand, which is marked by a scarp with Q3 in the footwall and Q4 in the hanging wall. The stratigraphic section was generally similar in trenches T1, T2, and T3 (Figures 8–10), which is summarized in the Supplementary Material. Trench T4 was not logged because the scarp did not trap much alluvium, and the stratigraphy was not adequate to interpret paleoseismic events.
[image: Figure 8]FIGURE 8 | Log of the southern face of Jejenes trench T1.
Trench T1 was sited in a small drainage where alluvium was deposited across the projection of the fault scarp, with Q3 alluvium buried in the footwall (unit 300). Trenches T2 and T3 exposed sediment deposited on the Q3 surface in the footwall (unit 300) and were sited where alluvium was ponded against the scarp. The correlation of units between T1 and T2/T3 overlying unit 300 is uncertain, although the fluvial deposits of unit 300 provide some level of certainty that the general correlations are correct. For instance, units 100 and 110 are interpreted as fluvial in origin, which indicates that the scarp along the western fault strand was breached or completely buried.
Trench T1 was excavated in a drainage channel that incises into the Q3 alluvial fan deposited across the western fault strand (Figure 4). At the trench itself, the youngest stratum (unit 50) is undeformed channel alluvium in a small rill cut across folded Tertiary bedrock in the hanging wall (Figure 8). The Q3 alluvium (unit 300) unconformable contact with the Neogene bedrock (Tm) is exposed in the hanging wall, but the young channel alluvium of unit 50 has removed unit 300 (T3 surface) at the crest of the hanging wall fold. Unit 300 in the footwall section is overlain by interbedded fine-grained ponded alluvium and channel deposits (units 260 up through 80). Some of the fine-grained ponded alluvium likely represents reworked dust generated by rockfalls during the earthquake. Alternatively, the fine-grained ponded alluvium could entirely be sheet wash deposits or fine-grained lags accumulated following coarse-grained fluvial deposition. In any case, these strata accumulated against the scarp and are therefore growth strata.
Trenches T2 and T3 were excavated across the eastern fault strand. The footwall block exposes the Q3 alluvium at the base of the trench as units 300 and 310, whereas the hanging wall block is capped by unit 100 in T2N and Q4 alluvium in T2S and T3N (Figures 4, 9, 10). The T2 trench was sited to expose alluvium from a small, defeated drainage warped up across a 40-cm-high scarp at the fault, which is observed in the north face of trench T2 (Figure 9A). This low scarp likely preserves evidence of the youngest event.
[image: Figure 9]FIGURE 9 | (A) Log of the north wall of Jejenes trench T2 (T2N). (B) Log of the south face of Jejenes trench T2 (T2S).
[image: Figure 10]FIGURE 10 | Log of the north face of Jejenes trench T3 (T3N).
Evidence for four faulting events is exposed in the trenches across the eastern strand, whereas only three events are interpreted from T1 across the western strand. We only have age data from the trench exposures to constrain the timing of the three most recent events. The oldest event age is constrained by the 10Be cosmogenic exposure data for Q3 described as follows (Hedrick et al., 2013).
Evidence for the oldest rupture, event E4, is best expressed in the T2S and T3N exposures where unit 270 contains substantial matrix material and is interpreted as fault-generated colluvium produced by E4. As unit 270 buries unit 300, interpreted as the Q3 surface deposits, E4 must post-date deposition of Q3 alluvium. Evidence for this event is the weakest among the four interpreted ruptures.
Several observations reflect the occurrence of event E3. Bedrock is thrust over the interpreted colluvial wedge of unit 270, with the thrust tip overlain by unit 260, as revealed in trenches T1S, T2S, and T3N (Figures 8, 9B, 10). An angular unconformity marks the upper contact of unit 260 and younger deposits. The coarse, wedge-shaped geometry of unit 260 in T2 and T3 suggests it is a colluvial wedge resulting from event E3 that post-dates the placement of bedrock over unit 270 (Figures 9B, 10). An alternative interpretation is that units 270 and 260 represent the same colluvial wedge deposit split by thrust-wedging of a blind thrust tip. In either interpretation, the event horizon is either between unit 270 and 260 or at the top of unit 260, neither of which has direct age control. Scarp formation in this event caused subsequent onlap of the fine-grained strata of units 255 up through 240 against the scarp.
In trench T1 (Figure 8), evidence for the three events following the abandonment of Q3 deposits is revealed by colluvial wedges and angular unconformities between units. Event E3 is interpreted to post-date the Q3 deposits of unit 300, with unit 260 forming a steep wedge on the scarp face (Figure 8). Scarp formation in this event caused subsequent deposition of the fine-grained strata of units 255 up through 240 against the scarp, which are interpreted as growth strata.
The two youngest events (E2 and E1) appear to have been essentially “blind”. Differential tilt and unconformities between successively younger units record progressive rotation of the fold limb exposed in all trench walls. Faults, in contrast, do not cut any units younger than 270. The E3 colluvial wedge, unit 260, is overlain by two units that have constant thickness across the fold axial trace. Unit 240 maintains thickness across an axial surface (fold hinge), whereas there is an angular unconformity between units 230 and 240, and the fine-grained units above 240 (210–230) thin or pinch-out onto the scarp. Unit 240 dips more steeply than unit 230. Deformation and folding of this fine-grained ponded alluvium deposited after E3 and before deposition of unit 230 thus provides evidence of folding and scarp formation. Hence, we interpret E2 as a blind folding event between units 230 and 240.
The youngest event, E1, also appears to have been blind as the channel alluvium of unit 100 in T2N, possibly T3N, and unit 80 in T1 are deformed and folded, but the fault did not propagate to the surface except as a possible backthrust. Trench T2 was emplaced to capture this youngest event, where a small channel (unit 100) was defeated by recent motion; the channel expresses ∼40 cm of vertical relief across the fault (Figure 9A), which is inferred to represent about 80 cm of dip–slip on a 30° dipping fault at depth below the base of the trench.
Ages of the Quebrada Jejenes events
We analyzed 25 individual samples of detrital charcoal and 12 OSL samples from the La Rinconada trenches to establish the ages of units 255 up through 80 (Table 2; Supplementary Table S3 in Supplementary Material). However, the age results for most of the 14C ages are problematic from two perspectives. First, all of the charcoal samples from units 270 up through 220 yielded essentially the same age, which ranged from ∼7.2 to 7.8 ka, with no apparent stratigraphic coherence. This could be interpreted as the very rapid deposition of these strata. However, the OSL sample from unit 270 yielded an age of 4.5 ± 0.4 ka, and another sample from unit 240 yielded an age of 3.7 ± 0.5 ka (Table 2). As OSL ages based on multiple grain aliquots, as is the case here, are typically considered maximum ages because of the potential for partial bleaching of some of the grains, it appears that all of the charcoal was eroded from or derived from a common source immediately after event E3, which was most likely an anthropic source considering the arid climate of the region. The majority of the OSL ages also appear to have a partial bleach signal, as the calibrated ages based on a two-mixing model are older than one or more ages from underlying strata when considering their uncertainties. Consequently, we used only the OSL and 14C ages consistent with the sample stratigraphic order. Hence, only eight of the 37 ages were used in OxCal to calculate the ages of events E1 and E2.
TABLE 2 | 14C and OSL ages from the Jejenes trench exposures and their relationship to interpreted events. Radiocarbon ages were calibrated using OxCal v4.4.4 (Bronk-Ramsey, 2021; atmospheric data from Reimer et al., 2020).
[image: Table 2]Another noteworthy observation is that the base of the fine-grained section included in unit 270 (see T3N log, Figure 10) is mid-Holocene based on the one OSL age analyzed from this unit (OSL-14 sample, Table 2), and no older than 7.3 ka based on the charcoal ages. In contrast, Hedrick et al. (2013) estimated the age of the Q3 alluvium at about 25–29 ka based on 10Be TCN dating of four clast-samples from two sites on the Q3 surface. The mean ∼25 ka TCN ages of Q3a, Q3b, and Q1c are indistinguishable from one another (Hedrick et al., 2013). The clast ages and overlapping mean ages suggest that the ∼25 ka equivalent 10Be concentration reflects inherited ages in the surface samples. Thus, the TCN samples indicate the surface age must be lesser and the OSL data provide a more realistic bound on the age for terrace formation. The unit 300 deposits did not have buried soil or other evidence of exposure of the sediments that could account for a significant period of surface exposure, whereas the Q3 surface soil described in Hedrick et al. (2013) included a 30-cm-thick gypsic horizon (typical for soils in this hyperarid region). The bound on the older possible age for Q3 is more readily defended using the 12–16 ka age of the youngest Q3 clasts, which we adopt herein.
There are no direct age data that bracket the timing of events E3 and E4. However, the age of the Q3 deposits, the OSL date for unit 270, and the 14C dates from unit 255 constrain the ages of events E3 and E4. A scarp produced in event E3 induced the fine-grained deposition of unit 270, which has an OSL date of 4.5 ± 0.5 ka (Table 2). Unit 255 yielded three detrital charcoal ages between ∼7.3 and 7.5 ka. Assuming that all of the charcoal was already in the system and was simply eroded and deposited against the scarp, the timing of E3 is bracketed to between 4.5 ± 0.5 and ∼7.3 ka. Event E4 must have occurred after abandonment of the Q3 surface, which has a maximum age of 12–16 ka. Hence, we place the timing of E4 between ∼7.3 ka and 12–16 ka.
The ages of events E1 and E2 are well-determined by our age data. In contrast, event E3 is moderately constrained and E4 is poorly constrained. The results of the OxCal model are presented in Figure 11; the model itself is described in the Supplementary Material. Event E1 occurred at about 2.7 ± 0.01 ka and E2 at 3.9 ± 0.6 ka, indicating a temporal cluster, which we discuss as follows. The pre-penultimate event (E3) occurred at about 5.9 ± 1.3 ka, whereas the timing of E4 is estimated at 11.4 ± 4 ka. It is to be noted that the age of event E1 is bound by only one 14C age from the deposits that cap the event, and if that charcoal sample had inherited age or was reworked, then the actual age of E1 could be lesser. Notably, Instituto Nacional de Prevención Sísmica (1982) excavated a trench along the La Rinconada fault and determined that the most recent rupture post-dated a sandy deposit with a 14C age of 2,505 ± 160 years BP (calibrated to 2.6 ± 0.4 ka) but no capping age; we use their date in our model.
[image: Figure 11]FIGURE 11 | Probability distributions of the ages of events E1 through E4 along the La Rinconada fault at the Jejenes trench site. It should be noted that the broad, low-probability ages of events E3 and E4 are poorly constrained by our age data.
Constraints on slip per event at Quebrada Jejenes
Balanced, sequential restoration of growth strata constrains the horizontal shortening and fault slip associated with the E1–E3 paleoearthquakes (Figure 12). Restoration implicitly assumes a particle path, or vector, between the deformed and undeformed states, which has implications for changes in fold shape in sequential steps (Suppe et al., 1997). Geologically untenable artifacts, such as localized shear along unconformities or the creation of new folds, result from incorrect choices of particle path. Particle paths parallel to fold hinges in folds formed due to kink-bed migration forms the basis of the vector restoration method (Suppe et al., 1997; Novoa et al., 2000). We employed the vector restoration method because it simultaneously conserves bed length and area and honors unconformable contact relationships.
[image: Figure 12]FIGURE 12 | (A) Retrodeformation of the stratigraphy and faulting in Jejenes trench T1S. H = horizontal, V = vertical, FS = fault slip. (B) Retrodeformation of the stratigraphy and faulting in Jejenes trench T3N. H = horizontal, V = vertical, FS = fault slip.
Figure 12A shows the sequential reconstruction of the growth strata exposed in trench T1 across the western fault strand (Figure 4). Returning unit 80 and younger to horizontal reveals shortening and fault slip accompanied event E1. A total of 50- cm horizontal shortening and fault slip are recovered when units 230 and younger are restored. The final stage of restoration matches unit 300 in the hanging wall and footwall (Figure 12A, panel D). In trench T3, event E4 is marked by unit 270 lying on unit 300; thus, this final restoration step includes both E3 and E4 events. It is not possible, based on the trench stratigraphic section in the hanging wall and footwall of T1, to constrain a discrete restoration step that separates the E3 from the E4 event. Slip in this step includes displacement associated with the fault reaching the surface. Horizontal shortening of 2.7 m and 2.9 m of the fault slip results from the restoration of units 260–240 to horizontal. If the total fault slip is divided equally between E3 and E4, which is an assumption, then the amount of slip at T1 in E3 and E4 is about the same at ∼1.45 m.
Shortening and fault slip derived from the restoration of T3 across the eastern fault strand contrast with those of T1 (Figure 12B). Restoration of unit 100 yields 0.3 m of horizontal shortening and 0.4 m of fault slip during event E1. Horizontal shortening and fault slip in E2 are 1.6 m and 1.7 m, respectively, due restoration of units 230 and younger. Shortening and slip associated with E3 + E4 are a minimum, as unit 400 is the oldest in the hanging wall and has no correlative in the footwall for restoration. Less horizontal shortening (1.0 m) and fault slip (1.7 m) are revealed by the restoration of units 260–240 and the structural overlap of bedrock on unit 300 (Figure 12B panel D).
We infer that the western and eastern fault strands rupture together in earthquakes because they are interpreted to merge at ∼150 m below the Earth’s surface (Figure 4B). Whereas this conservative interpretation is consistent with the resolution of the age data, more complicated scenarios cannot be ruled out. Combining the displacement from the eastern and western strands suggests that 1.0 m of horizontal shortening and 1.1 m of fault slip accompanied event E1. The western strand absorbed more shortening than the eastern strand in this event. In contrast, the eastern strand accounts for 75% of the 2.1 m of horizontal shortening and 2.2 m of fault slip in E2. Roughly similar amounts of shortening and fault slip (∼1 m) characterize events E1, E3, and E4. Event E2, in contrast, is relatively larger by a factor of ∼2x, given the ∼2 m slip recovered in the restoration of the two trenches.
The retrodeformations suggest that the La Rinconada fault accounts for 6.7 m of shortening and 7.3 m of fault slip, given the formation of Q3 in less than ∼12–16 ka. This yields a minimum shortening and slip rate of 0.4–0.6 mm/yr as the result of four earthquakes. A 0.4–0.6 mm/yr, the shortening rate compares favorably with the 0.4 mm/yr shortening rate determined at sites to the north and south of Quebrada Jejenes along strike on the La Rinconada fault (Rimando et al., 2019).
DISCUSSION
We present evidence for five surface ruptures along the Marquesado fault over the past 17.2 ± 3.1 ka at the Loma Negra site, with the most recent event occurring in the past 2.8 ± 2.8 ka. The average recurrence interval at the Loma Negra site is 3.6 ka, with intervals ranging from 2.5 to 4.8 ka. Four events on the La Rinconada fault are recognized at the Quebrada Jejenes site that post-date deposition and abandonment of the 12–16 ka Q3 terrace (Hedrick et al., 2013). Thus, both sites document a recurrence interval of several thousand years, similar to that documented for the La Laja fault on the eastern flank of Sierra de Villicum north of San Juan (Rockwell et al., 2014).
We determined minimum and maximum post unit 300 displacement at Loma Negra to be 4.5–5 m and 10–12 m, respectively. The 10–12 m is likely an over-estimate because it assumes that the fan surfaces correlate across the fault, which they do not based on the soil development into the respective fan deposits. The lower bound is based on the minimum displacement exposed in the trench walls (Figures 5, 6). Assuming the lower bound is close to correct, which is the most conservative estimate, the average displacement per event is on the order of 1 m for the single strand that we studied. However, the events were not all the same size, and the youngest event appears to be smaller than most, assuming that the other Loma Negra strands did not also slip in the most recent event.
At the Quebrada Jejenes site, we reconstructed displacement per event individually for each fault strand and then summed it across the zone. We determined that about 7.3 m of post-Q3 fault slip has occurred, which equates to 6.7 m of shortening. The most recent event was the smallest, with only about 1 m of fault slip. Hence, the post-Q3 fault displacements are comparable at both Loma Negra and Quebrada Jejenes, which implies the minimum amount of fault slip at depth. Also notable is that the most recent event was smaller than average at both sites. The Mw 7.0 1944 San Juan earthquake (Alvarado and Beck, 2006) also produced smaller than average displacement at La Laja (Rockwell et al., 2014); together, this indicates that the Eastern Precordilleran thrust system is likely capable of producing earthquakes larger than what occurred in 1944.
Figure 13 compares the rupture history of the Marquesado-La Rinconada fault zone flanking the Sierra Chica de Zonda with the La Laja fault flanking the Sierra Villicum, which ruptured in 1944. It is plausible that the most recent event at Loma Negra and Jejenes represents an earthquake that ruptured the entire Marquesado–La Rinconada fault in concert. However, as the most recent event at both sites had smaller than average displacement, we consider it more likely that these may have been separate events that were closely spaced in time. The large displacement determined for older events, in contrast, suggests that the entire system may have ruptured in some earlier earthquakes.
[image: Figure 13]FIGURE 13 | Comparison of event ages between Loma Negra, Jejenes, and La Laja. Uncertainties are large such that there are multiple possible correlations, but the best dated events at La Laja and Jejenes are similar in age and could represent a cluster.
Comparison of these new events with the La Laja fault paleoseismic record does not suggest coeval ruptures with either the Marquesado or La Rinconada fault systems. However, the most recent events along the Marquesado–La Rinconada fault system apparently preceded the ca. 2.2 ka penultimate event along the La Laja fault by only a few centuries or less. If correct, the observations suggest that at least some earthquakes cluster in time along the Eastern Precordilleran fault system and may result from stress loading when an adjacent fault segment fails, as occurred with the North Anatolian fault in Turkey (Stein et al., 1997). The 1944 earthquake may be a harbinger of future activity along the range front south of San Juan. Additional paleoseismic work with better age control may help shed light on these possible correlations.
Eight years after the 1944 San Juan earthquake, there was an Mw 6.8 earthquake that occurred ∼30 km to the SW, beneath the valley to the east of the northern end of Sierra Chica de Zonda (Tello and Perucca, 1993; Alvarado and Beck, 2006). It is tempting to argue that the 1952 event was triggered by the 1944 earthquake, as occurred in the 1977 foreshock-main shock Caucete earthquake sequence (Langer and Hartzell, 1996). Whereas rupture of the La Laja fault unequivocally occurred in 1944 (Castellanos, 1944; Groeber, 1944; Harrington, 1944), assigning the 1952 event to a known structure is problematic. The 1952 event had a strike–slip mechanism, involving nodal planes with a 40° strike and 75° dip, and a 301°-striking plane, 61° dip, and 12 km depth (Alvarado and Beck, 2006). The 301°-striking plane parallels the strike of the Paleozoic bedrock exposed near the Loma Negra site (Figure 3). Geomorphic and trench observations at the Loma Negra site, however, indicate that active faulting at the surface takes place on north-striking bedding-parallel dip–slip faults in the Neogene bedrock that do not align with either plane of the focal mechanism. The 12 km depth presents an additional complication in that structural, stratigraphic, and seismic data suggest that the Eastern Precordilleran basal décollement lies at ∼ 5 km depth (Baldis et al., 1982; Allmendinger et al., 1990; von Gosen, 1992; Gardini, 1993; Zapata and Allmendinger, 1996; Ramos et al., 1997; Giampaoli and Cegarra, 2003; Vergés et al., 2007; Richard et al., 2019). These constraints suggest that the 1952 event occurred below the décollement. Whereas stress transfer following the 1944 event may have triggered the 1952 earthquake (i.e., Stein, 1999), whether a lateral ramp or other deep transverse structure links the deeper structure beneath Sierra Chica de Zonda with the deep structure beneath Sierra de Villicum is uncertain.
Paleoearthquakes on the Marquesado and La Rinconada fault systems are unequivocally demonstrated by folding of Quaternary terraces, fans, and fault offset in trench exposures, and geophysical data (Figures 2–4) (Instituto Nacional de Prevención Sísmica, 1982; Bastías et al., 1984; Martos, 1987; Paredes and Bastías, 1987; Cardinali and Pereyra, 1998; Costa, 2009; Correa-Otto et al., 2018; Richard et al., 2019; Rimando et al., 2019). Two issues pose a challenge for using the paleoearthquake chronology to constrain seismic hazards of the causative faults at depth. First, the active faults may be flexural-slip faults related to folding, backthrusts that utilized bedding in the upper crust, or reactivated older structures (Richard et al., 2019). Flexural-slip faulting typically manifests at the surface as a series of close, regularly spaced faults (Rockwell et al., 1984; Rockwell, 1988; Li et al., 2017). Constraint on coseismic slip on the source fault from secondary faulting is non-trivial, as it requires models that link flexural-slip faulting in a fold limb to fault-related fold growth in earthquakes on the primary seismic source fault (Le Béon et al., 2014). At the La Laja site, numerous regularly spaced faults deform terraces across a broad region within the limb of a multi-kilometer scale fold. Localization of slip on a single fault and warping of terraces across a hanging wall monocline at La Rinconada, in contrast, imply a different linkage between surface faulting and the primary seismic source at depth. Displacement on a backthrust formed in the limb of a structural wedge of a fault-related fold is directly proportionate to the primary fault at depth (Kraig et al., 1987; Medwedeff, 1992). The large magnitude and localization of slip on a single structure favor an interpretation that the La Rinconada fault is a backthrust with a hanging wall flat on footwall flat geometry at Quebrada Jejenes (Figure 4) (Richard et al., 2019). Thus, the slip per event at the site is likely a proxy for slip on the source fault in each event.
A polydeformational history of faulting that extends back to the Paleozoic poses the second substantial challenge in constraining seismic hazard based on the topology of faults at the crustal-scale (Ramos et al., 2002). Two alternative models for the active faulting beneath Sierra de Villicum, which generated the 1944 San Juan earthquake and surface rupture on the La Laja fault, frame the open question of the depth and geometry of seismically active faulting beneath the Eastern Precordillera. In one model, the La Laja fault, range front faults of Sierras Chica de Zonda and Villicum, and other surface faults reflect earthquakes generated on a décollement in the upper crust (<20 km depth) (Siame et al., 2002; Alvarado and Beck, 2006; Ammirati et al., 2016). Alternatively, slip transfer from mid-crustal and deeper faults to the upper crustal décollement (Smalley et al., 1993; Vergés et al., 2007; Meigs and Nabelek, 2010) produces slip on shallow faults that reach the Earth’s surface (Meigs et al., 2006; Rockwell et al., 2014). A model that includes both an upper crustal décollement and mid-crustal and deeper sources is required given historical seismicity (Kadinsky-Cade, 1985; Alvarado and Ramos, 2010; Meigs and Nabelek, 2010), yet limited knowledge of fault geometry hampers the use of surface deformation to place a constraint on source fault dimensions (except in a limited number of cases, e.g., Langer and Hartzell, 1996). Empirical relationships indicate that a ∼Mw 6.5–7.5 event is consistent with the ∼25 km length of the La Rinconada fault, the ∼50 km-long extents of active folding and folding on the eastern flank of Sierra Chica de Zonda, and the meter-scale slip per event at the two sites (Wells and Coppersmith, 1994). Events as large as ∼Mw 7.5 would also be consistent with the cumulative seismic moment released by the 1977 Caucete sequence (Langer and Hartzell, 1996).
CONCLUSION
The ages of the past five interpreted events at the Loma Negra site are E1 at 2.8 ± 2.8 ka, E2 at 7.1 ± 1.5 ka, E3 at 9.6 ± 1.3 ka, E4 at 14.4 ± 2.1 ka, and E5 at 17.2 ± 3.1 ka, which produced at least an average of 1 m of slip per event. At the Quebrada Jejenes sites, we documented the occurrence of four surface ruptures with event ages of 2.7 ± 0.1 ka, 3.9 ± 0.6 ka, 5.9 ± 1.3 ka, and 11.4 ± 4 ka. The observed displacements at the Loma Negra and Jejenes sites indicate that slip during event E1 was smaller than average at each site, which in turn suggests that these fault segments may have failed separately. Some earlier events, such as E3 and E4 at Jejenes and E2 at Loma Negra, resulted in larger displacement and may represent rupture along the entire Marquesado–La Rinconada fault system. The linkage of these faults along the Sierra Chica de Zonda has yet to be worked out.
Another main point is that the larger, earlier events appear to have been emergent, whereas some of the more recent, smaller events appear to have been blind. This suggests a relationship between the size of the causative earthquake and whether the displacement reaches the surface. The blind thrusting into fine-grained deposits that partly overlap the thrust scarp might also explain the poor expression of classic colluvial wedges.
Additional work is needed to better define the timing of the most recent event at both sites. The base of units 100 and 50 at Loma Negra and Jejenes Quebrada, respectively, may have been deformed by wedge thrusting, thus making the most recent event younger than suggested.
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