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Abstract Active deformation and landscape evolution in North Chilean forearc involve multiscale tectonic
processes, such as crustal thickening causing orogenic‐scale uplift and faulting modulating the mountain‐front
landscape. In the Central Depression, faults redirecting Quaternary drainages are poorly understood due to their
subtle surface expressions and limited structural data acquisition. To address this, we combined remote‐sensing
analysis of high‐resolution DEMs, satellite and UAV imagery, new geomorphic mapping, structural data, and
morphometric analysis with available surface age dating to identify and give temporal constraints on previously
unmapped faults impacting drainages across this region. Our findings reveal the reactivation of east‐vergent
NNW‐SSE reverse to transpressive and NW‐SE strike‐slip faults over approximately 100 km of latitude. Faults
movement can be summarized into two main stages (a) A Late Miocene‐Pliocene stage, dominated by east‐
vergent reverse faults inverting the Andean piedmont in the northern study area. (b) A Pliocene‐Quaternary
stage, characterized by transpressive activity of these east‐vergent faults extending southward, alongside
structures of the West Vergent Thrust System. The tectonic evolution of the east‐vergent structures relates to the
ongoing deformation of the coastal forearc, encroaching into the Central Depression. Minimum vertical and
strike‐slip displacement rates since the Quaternary are 12 m/Ma and 90 m/Ma, respectively, with the potential
for higher rates depending on the onset of displacement. Drainage pattern modification, driven by incremental
vertical displacement rates, provides insights to qualitatively evaluate individual fault activity rates. Numerous
recently detected structures represent previously unknown sources of seismic hazard, requiring further dating of
geomorphic markers and high‐resolution monitoring.

Plain Language Summary The active deformation of the Northern Chile forearc involves the
interplay of multiple complex tectonic processes, including fault structures, which are a significant source of
seismic hazard. However, the role of faults in the deformation of the Central Depression and the timing of their
activity remain unclear. Using advanced imaging techniques, geomorphic analysis, and field data, we identified
previously unmapped, slow‐moving faults affecting the Central Depression over approximately 100 km.
A significant influence on drainage pathways was exerted by these structures from the Late Miocene to the
Quaternary periods, primarily by inverting the Andean piedmont. We propose that these subtle structures are
coupled with the tectonic evolution of the coastal region. This study provides a more complete understanding of
the landscape evolution of the region and advises the inclusion of this structure in future seismic hazard
assessments.

1. Introduction
Detecting and quantifying geomorphic evidence of Quaternary tectonic deformation is crucial for understanding
active tectonics (Bullard & Lettis, 1993; De Pascale, 2021; Lettis et al., 1997) and the landscape evolution of a
region (Medina‐Cascales et al., 2021; Merritts & Vincent, 1989; Ritter et al., 2018). Active faults with slow
displacement rates (<3 mm/a, Arrowsmith et al., 2017) are particularly challenging to detect and pose complex
seismic hazard (Landgraf et al., 2017). These faults often have poor geomorphic expression, being blind or buried
under undeformed sedimentary plains (e.g., Ishiyama et al., 2013; Maesano et al., 2015) and can remain unnoticed
until generating moderate to major shallow earthquakes (Mw 5–7 with hypocenters <10 km depth) (e.g., Krüger
et al., 2017; Nicol et al., 2018; Zhang, 2013). Despite low displacement rates, the interplay of the activity of these
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faults and climate in desertic regions can leave a subtle yet detectable imprint on landscapes over Quaternary time
scales (Pedrera et al., 2009; Pérez‐Peña et al., 2010). Here, even minimal deformation and uplift rates (m to tens
of m/Ma) can outpace erosion and deposition, leading to the long‐term preservation of tectonic landforms
(e.g., Audin et al., 2003; Whitney & Hengesh, 2015).

The Central Depression in Northernmost Chile is an arid to hyperarid region, considered tectonically stable since
the Late Cenozoic (Jordan et al., 2010; Mortimer & Rendic, 1975; Nester & Jordan, 2012) (Figure 1a). Most fault
structures in this region are blind and form gentle monoclines (García et al., 2004, 2013; García & Fuentes, 2012).

Figure 1. Climatic and tectonic setting of the study area. (a) Simplified setting of the Central Andes. Convergence vector from Norabuena et al. (1998). AFS=Atacama
Fault System; IFS = Incapuquio Fault System; NP = Nazca Plate; PFS = Precordillera Fault System; SA = South American Plate. (b) Morphotectonic setting of the
Central Andean forearc along the Arica Bend and recent seismicity moment tensor solutions. (c) Physiographic elements of the study area and disequilibrium
(knickzones) along longitudinal profiles of trunk rivers. Faults from (Allmendinger & González, 2010; Audin et al., 2006; Benavente et al., 2017; Blanco &
Tomilson, 2013; García et al., 2004, 2013; García & Fuentes, 2012; Habel et al., 2023; Morandé et al., 2015; Valenzuela et al., 2014). Upper plate focal mechanisms
(<30 km depth) from (Farías et al., 2005; Herrera et al., 2021). Elevation data from GEBCO Bathymetric Compilation Group 2022. Isohyets from CHELSA global
climate model (Karger et al., 2017, 2018).
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Only a few faults are recognized as potentially active during the Quaternary (Allmendinger & González, 2010;
Carrizo et al., 2008; Maldonado et al., 2021; Santibáñez et al., 2019) and shallow upper plate seismicity (<20 km
depth) is sparse (Sippl et al., 2023) (Figure 1b). A detailed geomorphological analysis and cosmogenic age dating
of abandonment surfaces and fluvial deposits of windgaps at Pampa de Tana (ca. 19.5°S) indicate low Quaternary
tectonic uplift rates of the pediplain above these blind structures (ca. 12 m/Ma, Binnie et al., 2020). Despite these
findings, active faulting in the Central Depression remains understudied and poorly understood.

In this paper, we developed a detailed geomorphic mapping approach that enables the detection of subtle, slow‐
displacement Quaternary fault structures in desertic regions. This study was conducted in the Atacama Desert in
northern Chile, between 18.75°S and 19.85°S (Figures 1 and 2). Here, close to the Orocline Bend (Arica Bend,
Figure 1), the forearc exhibits a complex tectonic setting and has been struck by some of the largest instrumental
upper plate earthquakes, including the Mw 5.9 Chusmiza in January 2002 (Farías et al., 2005), Mw 6.7 Pisagua in
March 2014 (González et al., 2015), and the Mw. 6.3 Aroma in July 2001 (Legrand et al., 2007). The low
Quaternary sedimentation rates (<2.1 m/Ma, Jungers et al., 2013) and erosion rates (<1.5 m/Ma, Placzek
et al., 2014), combined with the absence of vegetation cover, provide ideal conditions for remote sensing analysis
of geomorphic markers down to the size of 1 m. The region hosts a series of deeply incised canyons (hundreds of
meters, Figure 1c), which enables the cross‐checking of fault zones beneath deformed alluvial surfaces and
displaced streams detected through remote sensing. These attributes make the study area an ideal site for detailed
geomorphic mapping and ground‐truthing. Our approach combines geomorphic mapping using remote sensing
analysis of aerial imagery (Digital Globe, Bing, UAV) and DEMs at various resolutions: regional (TerraSar‐X,
12.5 m/px), local high‐resolution (SPOT‐6, 2 m/px), and very high‐resolution (UAV, 0.1–1.15 m/px). We
supplemented this with a drainage network analysis (Whittaker, 2012; Wobus et al., 2006) using FABDEM
Copernicus elevation (McMichael et al., 2022) and CHELSA precipitation (Karger et al., 2017, 2018) data sets
(both 30 m/px) to identify fault‐related disequilibrium in trunk rivers. New detailed structural data and field
observations were collected to validate mapped structures and geomorphic markers, and thus to estimate surface
offsets and along‐strike displacements. By integrating these results with published age data, we calculated vertical
and along‐strike displacement rates for newly detected structures and evaluated fault‐driven uplift and river
disequilibriums.

2. Regional Background
2.1. Tectonostratigraphic Setting

The Central Andean forearc in northernmost Chile is part of the active Nazca‐South America subduction margin,
where the current convergence occurs at an azimuth of N78°E and rates of ca. 68 mm/a (Norabuena et al., 1998)
(Figure 1a). This region comprises four latitudinal morphotectonic units from west to east (Figures 1b and 1c):
(a) Coastal Cordillera, (b) Central Depression, (c) Precordillera, and (d) Western Cordillera. The first three units
are also referred as the Atacama Bench, described as an uplifted regional‐scale piedmont shaped by the Andean
uplift and the aridity of the Atacama Desert (Armijo et al., 2015).

The Coastal Cordillera is a coastal mountain range with an average elevation of about 1,200 m.a.s.l. and rep-
resents a former and eroded Late Jurassic‐Early Cretaceous volcanic arc (Scheuber & Reutter, 1992). It is
deformed by the ca. 1,000 km long, trench‐parallel Atacama Fault System (Figures 1a and 1b) and contains
Oligocene‐Pliocene intramountain basins (González et al., 2003; Mortimer et al., 1974). The boundary between
the Coastal Cordillera and the Central Depression is often characterized as extensional (Buddin et al., 1993;
Hartley et al., 2005).

The Central Depression is a ca. 40 km wide, N‐S oriented forearc basin. Cenozoic continental and volcanic
deposits, primarily sourced from the Western Cordillera (Armijo et al., 2015), unconformably overlie a Mesozoic
substratum on an erosive surface (Choja pediplain, Galli‐Olivier, 1967). The sedimentary cover exceeds 2,000 m
in most areas (García et al., 2017) and is well constrained in the study area by the Tana‐1A well (Gallardo, 1962)
(Figure 2a). This well shows 432 m of Oligocene to Quaternary deposits, including the Azapa (Oligocene‐Lower
Miocene) and El Diablo Formations (19–8.3 Ma) (García et al., 2013), and Pliocene fluvial‐lacustrine deposits
(Evenstar et al., 2017; Kirk‐Lawlor et al., 2013). Younger erosional horizons within the Cenozoic units record
stages of the Andean uplift (e.g., Armijo et al., 2015; Mortimer & Rendic, 1975; Muñoz‐Farías et al., 2023). The
top of the Central Depression aligns with the Pacific Paleosurface, a regional pediplain extending over 1,200 km
across northern Chile and southern Perú. This surface comprises several well‐dated Late Cenozoic to Quaternary
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Figure 2.
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degradational and aggradational paleosurfaces (Evenstar et al., 2017, 2020). Cosmogenic ages in specific locations
demonstrate that even younger fluvial systems have subsequently incised these paleosurfaces before becoming
abandoned again (Binnie et al., 2020), evidencing a dynamically evolving landscape on a million‐year timescale.

The Precordillera is a smooth, west‐sloping mountain‐front of the current volcanic arc, with Mid‐Late Miocene
lavas and volcanic edifices reaching elevations of ca. 4,700 m (Figure 2a). It is deformed by the ca. 600 km long,
trench‐parallel, and transpressive Precordillera Fault System (Reutter et al., 1991, 1996; Victor et al., 2004).
West‐vergent reverse faults deformed the Precordillera during the Late Oligocene‐Late Miocene (Nester &
Jordan, 2012; Victor et al., 2004), and possibly earlier during the Paleocene‐Early Eocene (Habel et al., 2023). To
the east, the Western Cordillera crowns the forearc with Pliocene‐Recent stratovolcanoes covering a Mesozoic
basement high (Armijo et al., 2015; Habel et al., 2023), exciding 5,000 m in elevation. A Neogene fault system of
east‐vergent reverse faults is suggested to control its eastern boundary to the Altiplano (Cortés et al., 2012; Farías
et al., 2005) (Figure 1b).

From 20°S to 17°S, the Central Andes margin deflects from a N‐S to a NW‐SE strike, forming the Arica Bend
(Comte et al., 2003; Madella et al., 2018) (Figure 1b). In this region, fault orientations deviate from the trench‐
parallel trend observed along Northern Chile in southern latitudes. The elevation of the Coastal Cordillera de-
creases rapidly from ca. 1,200 m.a.s.l at 20°S, and its topographic expression disappears north of 18.5°S. The
Atacama Fault System can be followed onshore up to the same latitudes (ca. 20°S), with the NW‐SE Salar Grande
and Iquique Faults marking its northern tip (Figure 1b). To the north, instead, a system of seismically active ENE‐
WSW reverse faults (Allmendinger et al., 2005; González et al., 2015, 2021) and sinistral NE‐SW strike‐slip
faults are present (Figures 1b and 2a). To the east, the boundary between the Coastal Cordillera and the Cen-
tral Depression is diffuse. The reverse faults accommodate N‐S along trench shortening driven by the interplay of
the margin curvature and oblique subduction since Pliocene times (Allmendinger et al., 2005). Scarce but well‐
defined N‐S normal faults near the coastal escarpment crosscut the reverse faults. One of the NE‐SW striking
faults, the Camarones Fault (Figure 2a), has been proven to be active in the Holocene (Niemeyer et al., 1984).

In the western Central Depression, NW‐SE blind fault structures, such as the Pampa de Tana Anticline (PTA)
(Figures 2a and 2b), have modified slow‐incising alluvial channels (<3 m/Ma in the last 2 Ma) during the
Pliocene and Quaternary, despite very low surface uplift rates (ca. 12 m/Ma, Binnie et al., 2020). Other structures
in the area likely correspond to similar blind reverse faults (García et al., 2004, 2013; García & Fuentes, 2012).
Moment tensor solutions of deep seismicity (>25 km depth) indicate strike‐slip kinematics beneath the location of
coastal NE‐SW sinistral fault systems and these NW‐SE blind faults (Herrera et al., 2021).

In the Precordillera, no clear trench‐parallel master fault separates the arc from the forearc. Instead, NW‐SE west‐
vergent reverse faults are present (Farías et al., 2005) (Figures 1b and 2a), which currently host strike‐slip
earthquakes (Legrand et al., 2007; Sippl et al., 2023) (Figures 1b and 2a). Similar faults are reported at the
latitude of Arica (ca. 18.5°S) (Muñoz & Charrier, 1996) and Santiago cities (ca. 33.5°S) (Ammirati et al., 2019;
Armijo et al., 2010; Riesner et al., 2017, 2018).

2.2. Climate, Erosion and Deposition Rates

The Central Andean forearc has been shaped under the predominantly hyperarid conditions of the Atacama
Desert since at least the Middle Miocene (Alpers & Brimhall, 1988; Jordan et al., 2014; Sillitoe &
McKee, 1996). This hyperaridity, coupled with an increasing topographic precipitation gradient (Figure 1b), is
linked to the Middle Miocene onset of the Peru‐Chile Oceanic Current and the Andean rain shadow effect
(Houston & Hartley, 2003). Global climate fluctuations resulted in wetter, though still arid, phases across the
forearc from the Miocene to the Pleistocene (Evenstar et al., 2009; Jordan et al., 2014; Zachos et al., 2001). A
final regional hyperarid phase is generally agreed to have occurred around 2 Ma (Amundson et al., 2012;
Jungers et al., 2013; Wang et al., 2015). Neogene pluvial phases left several aggradational surfaces in the

Figure 2. Summary of previously identified tectonic structures and geomorphic features within the study area. (a) Faults and overall drainage patterns across the forearc.
Upper plate focal mechanism from Farías et al. (2005) and Herrera et al. (2021). Tiliviche paleolake extension fromKirk‐Lawlor et al. (2013). AF=Aroma Fault; ArF=
Aroma Flexure; AlFS = Alejo Fault System; AtaF = Atajaña Fault; CaF = Camarones Fault; CC = Coastal Cordillera; CcF = Calacala Flexure; CD = Central
Depression; CF = Camiña Fault; HF = Humayani Flexure; MF =Moquella Flexure; NFS = Negrito Fault System; PC = Precordillera; PCA = Pampa de Camarones
Anticline; PF = Pisagua Fault; PTA = Pampa de Tana Anticline; PTF = Pampa de Tiliviche Fault; QF = Quisagama Fault; SF = Soga Flexure; SM = Sucuna
Monocline; SoF = Soga Fault; TaF = Tamarugal Fault. (b) Topographic swath profile of the study area and schematic main tectonic and sedimentary features.
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Central Depression and Precordillera. These are grouped into five generations based on regional geo-
morphologic characteristics and cosmogenic exposure ages (26Al, 10Be, 21Ne in quartz; 3He in pyroxene and
amphibole): Surface 5 (ca. 20.2–18.4 Ma), Surface 4 (ca. 16.3–11 Ma), Surface 3 (7.8–6.8 Ma), Surface 2 (ca.
4.3–2.5 Ma), and Surface 1 (Quaternary) (Evenstar et al., 2017). These surfaces have been used as regional
markers to constrain the Andean uplift (Evenstar et al., 2020).

Late Cenozoic and Quaternary erosion and deposition rates vary across the forearc but are generally very low,
indicating slow or rarely operating surface processes. In the Coastal Cordillera, Late Cenozoic erosion rates are
the lowest (<0.1 m/Ma, Dunai et al., 2005), with Quaternary rates ranging from 0.4 to 2.5 m/Ma (Kober
et al., 2007; Placzek et al., 2014). Coastal claypan records indicate Late Quaternary deposition rates of <0.1 m/Ma
(Diederich et al., 2020; Wennrich et al., 2024). Quaternary erosion rates in interfluves of the Central Depression
and Precordillera range from 0.2 to 1.5 m/Ma (Placzek et al., 2014), and even lower in some regions (<0.1 m/Ma,
Nishiizumi et al., 2005), while deposition rates are 2–2.1 m/Ma (Jungers et al., 2013).

2.3. Drainage Pattern and Its Evolution

Current drainages in the North Chilean forearc can be categorized into three distinct types (Binnie et al., 2020;
Hoke et al., 2004; Mortimer, 1980): (a) trunk rivers in the canyons (“quebradas”), along with their tributaries, (b)
perched active alluvial channels and (c) inactive alluvial channels, also referred to as paleochannels (Binnie
et al., 2020; Ritter et al., 2018), both located within the remaining interfluves (“pampas”) (Table 1). The study
area contains three exhoreic trunk rivers (Vitor, Camarones, and Tana Rivers), which outlet into the Pacific
Ocean, and two endorheic trunk rivers (Soga and Aroma Rivers), which outlet into the Central Depression.

The incision history of these trunk rivers is controlled by the interplay between the Andean uplift and variations in
precipitation rates in the catchment areas (Coudurier‐Curveur et al., 2015; García et al., 2011; Schildgen

Table 1
Classification of Drainage Networks Within the Study Area as Well as Analysis Type According to Their Characteristics

River
classification

Basin
area (km2) Bed type Drainage pattern Incision (m)

Flow
activity

Headwaters
location Extraction method

Performed
analysis

Trunk rivers Vitor River
Basin

2,262 Bedrock Parallel, exorheic Mid
mean = 404

Active Western
Cordillera

Semiautomatic
extraction
from DEM
with exclusion
of interfluves
(“pampas”)
channels

Longitudinal
profiles, ksnP,
knickpoints
and paleo‐
profile
projections

max = 670

min = 99

Camarones
River
Basin

4,630 Sub‐dendritic,
exorheic

Very High
mean = 640

max = 1,105

min = 32

Tana River
Basin

4,487 Dendritic to
subparallel,
exorheic

High
mean = 362

max = 1,032

min = 58 m

Soga River
Basin

237 Bedrock to
alluvial

Parallel,
endorheic

Mid to Low
mean = 186

max = 827

min = 6

Aroma River
Basin

1,846 Bedrock Dendritic to
subparallel,
endorheic

Mid
mean = 381

max = 806

min = 24

Alluvial
channel in
interfluves
(“pampas”)

Paleo‐channels – Alluvial Subparallel to
parallel,
endorheic

Low (<20 m) Abandoned Precordillera Mapping As linear
geomorphic
markers for
faulting

Quaternary
channels

– Sporadic
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et al., 2007). Deep incision of trunk rivers in Northern Chile began around 11Ma in the Precordillera and between
6 and 3 Ma in the Central Depression (García et al., 2011; Hoke et al., 2007; Kirk‐Lawlor et al., 2013). The
longitudinal profiles of these rivers show distinct segments: a low‐concavity, shallow‐incised upstream segment
across the Precordillera‐Western Cordillera, bounded by a knickzone to a high‐concavity and deeply incised
downstream segment (Farías et al., 2005; Hoke et al., 2007; Mortimer, 1980) (Figure 1c). This disequilibrium in
rivers profile is attributed to fault‐induced surface uplift from ca. 30 to 10 Ma, followed to mid‐crustal thickening
under the High Andes in the last 10 Myr, causing about 1 km of surface uplift relative to the Central Depression
(e.g., Hoke et al., 2007; Schildgen et al., 2007, 2009; Thouret et al., 2007). As a result, alluvial channels in the
pampas were disconnected from major river catchments and remained perched. Current active perched drainages
in the interfluves are fed by sporadic precipitation in the Precordillera (e.g., Bozkurt et al., 2016).

From ca. 19.5° toward the Arica Bend, trunk rivers are deeply incised across the Coastal Cordillera, flowing into
the Pacific Ocean (Figures 1b and 1c & 2a). A second coastal knickzone is present in the Quebradas Tana and
Tiliviche drainages (Figure 1c), where a paleolake/wetlands existed along the eastern margin of the Coastal
Cordillera until the Early Pliocene (Figure 2) (Kirk‐Lawlor et al., 2013). This second knickzone has been
attributed to different factors. García et al. (2011) suggest it resulted from reduced precipitation in the Tana and
Tiliviche catchments due to increasing aridity across the forearc, leading to a later (<6.4 Ma) and less intense
incision compared to the Camarones River Basin in the north. Other authors argue that the knickzone reflects a
threshold where coastal uplift rates have exceeded the river incision rates (Coudurier‐Curveur et al., 2015; Kirk‐
Lawlor et al., 2013; Madella et al., 2018).

The proposed mechanisms for this coastal uplift vary. Armijo et al. (2015) and Coudurier‐Curveur et al. (2015)
attribute it to the westward widening of the Andean orogen, while Schildgen et al. (2009) link it to subduction
zone processes with minor Andean widening influence. Madella et al. (2018) propose a negative feedback cycle,
wherein reduced sediment infill in the subduction channel enhances interplate coupling, driving higher coastal
uplift rates that impedes drainage to outlet into the Pacific Ocean. Kirk‐Lawlor et al. (2013) offer a combined
explanation involving both coastal retreat and uplift to account for the coastal knickzone, though they do not
specify the precise underlying drivers of uplift.

3. Methods
3.1. High‐Resolution Geomorphic Mapping

We developed a comprehensive Late Cenozoic to Quaternary fault database at a scale of 1:10,000 to identify
previously undetected faults (Figure 2a). Building on existing active fault databases (Maldonado et al., 2021;
Santibáñez et al., 2019), we refined and adapted these using the mapping procedures defined in Mittelstädt and
Victor (2020). Our high‐resolution mapping focused on the detection of fault scarps and folds by using
geomorphic markers, such as drainage patterns indicating changes in slope gradient, displaced or deflected
drainages, abandoned and deformed fluvial‐alluvial surfaces (Holbrook & Schumm, 1999; Oskin et al., 2007),
and shutter ridges (e.g., Densmore et al., 2007; Wang et al., 2014). We mapped fluvial‐alluvial surfaces (Evenstar
et al., 2017) and channels, including Quaternary ones, using surface coloration changes in optical satellite im-
agery (Bing Aerial, Digital Globe, SPOT‐6) and aspect and roughness maps derived from the TerraSAR‐X DEM
(12.5 m/px). To emphasize tectonic landforms and small‐scale topographic features, we generated Red Relief
Image Maps (RRM) (Chiba et al., 2007) from this DEM (e.g., Benavente et al., 2022; Kondo et al., 2008). We
used UAV‐derived high‐resolution orthophotos and DEMs obtained during fieldwork for key areas. Data
acquisition involved planned horizontal flights with a DJI Phantom 4 UAV, flown at 130 m above ground level. A
total of 4,129 photos were captured with 80% frontal and 70% lateral overlap, covering a total area of over 8 km2.
The imagery data set was processed using Metashape Pro Software following the workflow in Carbonneau and
Dietrich (2017).

Tectonic cracks, caused by regional tectonic stresses (Loveless et al., 2005, 2009) and extensional bending in the
hanging wall above reverse faults (e.g., Klinger et al., 2005), have been utilized to identify recent surface
deformation in Northern Chile (González et al., 2008; Loveless et al., 2005, 2009). To complement our fault
database, we developed a 1:2,500 scale fracture map, employing the same methods and basemaps as for fault
mapping (Figure S1 in Supporting Information S1). Fractures were classified as tectonic based on their proximity
to faults (<1 km) and azimuthal deviation (±30° from the fault strike) following González et al. (2008). We
included non‐tectonic fractures to document other active processes modifying the landscape, such as landslides,
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which have been triggered by both megathrust (Crosta et al., 2014; Keefer & Moseley, 2004) and crustal
earthquake‐induced destabilization (Pinto et al., 2008).

Both faults and fractures were mapped using QGIS 3.16.5 (https://www.qgis.org). Details of the data sets are in
Figure S2 and Table S1 in Supporting Information S1. Fieldwork for ground truthing was performed during two
campaigns using FieldMove Clino© (Midland Valley, 2014) and a Freiberg structural compass for verification
(Table S2 in Supporting Information S1).

3.2. Quantification of Vertical Displacement and Along‐Strike Displacement Rates of Faults

To quantify the net vertical uplift caused by major folding and faulting detected through geomorphic mapping, we
applied a 2D geometric approach using topographic swath profiles and structural data (Yang et al., 2015)
(Figure 3a). We extracted 51 swath profiles (500–2,500 m wide) perpendicular to the strike of six major fault
scarps along the western Central Depression. We used the TerraSAR‐X DEM, which provides a high‐resolution
(vertical resolution <2 m) and homogeneous coverage across the study area (Table S3 and Figure S3 in Sup-
porting Information S1).

We first quantified the mean of the vertical separation (VS) between the hanging wall and footwall best linear fits
(Figure 3a). Since the coverage of exposure age samples is scattered and it is common to observe inheritance (pre‐
exposure) of clasts derived from older reworked paleosurfaces or fan material upstream (e.g., Binnie et al., 2020),
we calculated displacement rates by using the youngest in situ age of the displaced paleosurface where available
(Binnie et al., 2020; Evenstar et al., 2009, 2017) (Table S3 in Supporting Information S1). In regions lacking
cosmogenic exposure age data, we used the minimum regional age of termination of sedimentation of the El
Diablo Formation constrained by the overlying Tana Lava (ca. 8.3 Ma) (García et al., 2004; Naranjo & Pask-
off, 1985). For comparative analysis, we calculated rates using both the oldest in situ cosmogenic exposure age or
subsurface geologic markers of the displaced surface, and the minimum regional age of the surface suggested by
Evenstar et al. (2017). Along‐strike displacements were quantified based on the lateral displacement of offset
Quaternary alluvial channels, using the approach of Zielke and Arrowsmith (2012) (Figure 3b and Table S4 in
Supporting Information S1). The compilation of the available age data used for calculating the displacement rates
is provided in Table 2 and Figure 7.

3.3. Drainage Analysis of Trunk Rivers

Rivers in Northern Chile and Southern Peru have been analyzed as bedrock rivers using Flint's (1974) stream
power law (e.g., Abbühl et al., 2011; Coudurier‐Curveur et al., 2015; Hoke et al., 2007). We calculated the
longitudinal profiles of trunk rivers using TopoToolbox2 for MATLAB (Schwanghart & Scherler, 2014) in order
to detect fault‐related disequilibria. Drainage networks were extracted from the regional FABDEM Copernicus
data set (30 m/px) (McMichael et al., 2022) with a minimum upslope area of A = 5 km2. We applied a non‐
parametric regression algorithm for hydrological correction, using an optimal smoothing degree of K = 2 for a
τ (quantile) = 0.1 based on visual inspection of results (Schwanghart & Scherler, 2017). We calculated the
normalized steepness index with precipitation correction (ksnP) (Adams et al., 2020; Leonard et al., 2024) using an
estimated best‐fit reference concavity (θref) value of 0.51 for the study area (Figure S4 in Supporting Informa-
tion S1). This value is consistent with theoretical range of 0.3–0.6 and values expected for the study area (0.15–
2.0, Hoke et al., 2007). Precipitation correction was performed using the CHELSA precipitation model (Karger
et al., 2017, 2018), following Gelwick et al. (2024).

Knickpoints and knickzones are often found in river segments where ksnP values deviate, indicating possible
tectonic forcing in regions with minimal spatial variations in rock erodibility (Kirby & Whipple, 2012). We
extracted knickpoints using the semi‐automated knickpointfinder algorithm (Schwanghart & Scherler, 2014) with
a quantile tolerance range of 0.1–0.9 to filter outliers (Forte & Whipple, 2019; Schwanghart & Scherler, 2017).
The nature of knickpoints, whether tectonic (fault‐related or regional), minor, or non‐tectonic, was verified based
on ksnP values per lithology, slope‐break morphology of knickpoints indicative of tectonics in χ‐elevation plots,
and their proximity to lithological boundaries, active faults, and landslides observed in geological maps and
satellite imagery data sets (Figure S5 and Table S5 in Supporting Information S1) (e.g., Clementucci, Ballato,
Siame, Faccenna, et al., 2023; Clementucci, Ballato, Siame, Fox, et al., 2023; Clementucci et al., 2024; Kaveh‐
Firouz et al., 2024).
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Figure 3. Examples of analysis to quantify net vertical displacement, along‐strike displacement, and tectonic relief fault. (a) Swath profile across the scarp of the Pampa
Tiliviche Fault and geometric elements used for surface uplift rate quantification (Yang et al., 2015). VS = Vertical Separation. (b) Deflected alluvial channel and
quantification of mean along‐strike displacement shown in LaDiCaoz interface (Zielke & Arrowsmith, 2012). (c) Longitudinal profile of the Tiliviche River with ksnP
anomalies, knickpoint bounded segments, and paleo‐profile projections used for tectonic relief quantification.
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We projected paleo‐profiles of river segments upstream from the newly detected tectonic knickpoints and
knickzones (Figure 3c). This allowed us to estimate the possible gained relief due to faulting between current river
outlet elevations and those of the paleo‐profile projections (e.g., Clark et al., 2005; Gallen et al., 2013). We
applied a correction of − 1,000 m to the paleo‐profile projections of the Precordillera segment of exorheic
drainages (Hoke et al., 2007). Paleo‐profile projection was carried out using the Topographic Analysis Kit for
TopoToolbox2 (Forte & Whipple, 2019) (Figure S6 and Table S6 in Supporting Information S1).

4. Results
4.1. Fault Database and Geomorphic and Structural Evidence for Fault Reactivation

The resulting fault database of the study area (Figure 4) includes a total of 1,092 fault structures. We found 82 new
major structures over the 110 previously mapped and 734 new secondary structures over the 166 previously
documented.Additionally, the database includes 11,277 tectonic fractures,mainly found along reverse fault scarps,
and 1,363 non‐tectonic fractures, mainly related to landslide scars. The length of completeness of our database, that
is, the smallest features comprehensivelymapped, is 2 km for faults and 100m for fractures. A detailed description
of the fault database and the database as downloadableGIS or.kmz files are available in Supporting Information S2.

The Coastal Cordillera is characterized by long (>40 km) N10‐20°E striking, sub‐vertical sinistral faults and
N35‐40°E reverse faults (Figures 4 and S7a in Supporting Information S1). Tectonic fractures are mostly found
along the hanging walls of the prominent reverse faults, particularly the Atajaña and Pisagua Faults, consistent
with their reverse kinematics (Figures 4 and S7b in Supporting Information S1). The dominant orientations of
these fractures are N80°W and N10°E, with an average length of 200 m (Figures 4a and 4b). In the Precordillera,
subparallel N10‐15°W west‐facing monoclines are often accompanied by N‐S oblique normal faults along their
hinges (Figures 4a and 4b).

The Central Depression hosts the majority of the newly identified structures, including 556 faults of <5 km in
length (Figures 4 and S7a in Supporting Information S1). Many of these are NNE‐SSW oriented, secondary
oblique extensional faults forming small en echelon graben structures atop NW‐SE west‐facing monoclines and
east‐facing monoclines (Figures 5 and 6). The east‐facing monoclines are often highlighted by fracture systems in

Table 2
Compilation of Available Age Data Used for the Quantification of Displacement Rates

Interfluve Lat (°) Long (°) Sampled material Dating method Age (Ma) Error (±Ma) Reference Used as

Pampa de Camarones − 69.989 − 19.022 Tuff K‐Ar in biotite 15.69 0.7 García et al. (2004) Subsurface marker
Surface 5 18.41 0.25 Evenstar et al. (2017) Minimum regional age

Pampa de Tana − 68.880 − 19.397 Boulder 3He in pyroxene 11.1 0.3 Evenstar et al. (2017)

− 68.880 − 19.397 Boulder 3He in pyroxene 16.6 0.4

− 68.880 − 19.397 Boulder 3He in pyroxene 20.2 0.7

Mean age 15.7 0.5 Oldest in situ age
− 69.839 − 19.386 Cobble 26Al in quartz 2.25 1 Binnie et al. (2020)

− 69.839 − 19.386 Cobble 21Ne in quartz 2.63 0.29

− 69.839 − 19.386 Cobble 21Ne in quartz 4.93 0.69

Mean Age 3.27 0.8 Youngest in situ age
Surface 5 18.41 0.25 Evenstar et al. (2017) Minimum regional age

Pampa de Tiliviche − 68.808 − 19.522 Boulder 3He in pyroxene 3.19 0.4 Evenstar et al. (2017) Youngest in situ age
− 68.808 − 19.522 Boulder 3He in pyroxene 16.3 0.4 Evenstar et al. (2017) Oldest in situ age

Surface 5 18.41 0.25 Evenstar et al. (2017) Minimum regional age

Pampa del Tamarugal − 69.629 − 19.706 Boulder 3He in amphibole 6.8 0.0 Evenstar et al. (2009)

− 69.629 − 19.706 Boulder 3He in amphibole 7.3 0.0

Mean Age 7.05 0.0 Youngest in situ age
Surface 4 11 0.0 Evenstar et al. (2017) Minimum regional age

Note. The numerical values in bold letters are the ages considered for this study, coming from the average of several dated material or directly from a dated marker.
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Figure 4.
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the hanging wall, especially in the area of the Pampa de Camarones and Pampa de Tiliviche interfluves
(Figures 4a and S7b in Supporting Information S1). Tectonic fractures in this region are ca. 150 m long with a N‐S
orientation associated with the secondary extensional faults (Figure 4b).

The Camiña Fault is a key example of a newly detected west‐vergent structure in the Central Depression
(Figure 4a). The Camiña Fault is a subtle NNW‐SSE striking monocline located between Quebrada Tana and
Quebrada Aroma (Figure 5). Between Quebrada Tana and Pinonave, the monocline features an array of prom-
inent N30°W‐N35°E striking sigmoidal fault scarps of >7 km long. These scarp faults deform the aggradational
Surface 4 and form small pull‐apart basins, each less than <1 km2, which contain remnants of Surfaces 3‐2.
Quaternary alluvial channels show right‐lateral deflections averaging 43 m along NNW‐SSE segments of the
sigmoidal faults and left‐laterally deflections averaging 120 m along the NNE‐SSW segments. The left‐lateral
deflection increases as the faults approach a NE‐SW strike. This overall complex geometrical arrangement is
indicative of a strike‐slip dextral duplex (Figure 5b). Ground truthing revealed that this dextral duplex is related to
sub‐vertical subsidiary faults deforming Upper Miocene rocks of the El Diablo Formation (Figure 5e). Other
faults along the Calacala Flexure moncoline hinge (Figure 4a) were confirmed to be normal to transtensional
faults deforming the same stratigraphy (Figures 5f and 5g). This suggests an oblique component in the latest
activity of the faults beneath these flexures.

Between Quebrada Pinonave and Quebrada Aroma, secondary structures correspond to numerous N15°E and
N15°W subparallel fault scarps. The subtle (<1 m high) scarps, often visible as whitish gypsum‐rich, decametric‐
wide features in satellite imagery and the field (Figures S8a and S8b in Supporting Information S1), deform the
Surfaces 2–4 (Figures 5b–5d). Crossing Quaternary channels exhibit right‐lateral deflections averaging 68 m
along N15°W scarps and left‐lateral deflection averaging 77 m along N15°E scarps. A monocline is observed at
the southern tip of this section near Quebrada Soga, above a segment with suspected dominant reverse kinematics.
Additionally, sparse N15°E fault scarps are visible further south. The described fault pattern is indicative of an
array of dextral Riedel shears deforming younger aggradational surfaces. The decreasing surface expression of
secondary faults and younger deformed surfaces suggests that the Camiña Fault has a southward propagation of
reactivation, being more incipient between Quebrada Pinonave and Quebrada Aroma.

The Pampa de Camarones anticline is a key example of newly interpreted east‐vergent structures within the
Central Depression (Figure 6). This anticline consists of an array of N20‐50° east‐vergent monoclines, accom-
panied by secondary NNE‐SSW extensional en echelon faults (Figures 6a and 6b). The Pampa de Camarones
Anticline has caused the uplift and westward tilting of the Surfaces 4–5. The extensional secondary faults on top
of these monoclines have created small, sharp graben structures. The presence of synthetic minor folds with
similar oblique secondary features in the footwall of this anticline and its continuation southward suggests a
distributed reactivation of similar structures across the Pampa de Camarones, Chiza, and Suca interfluves
(Figure 6a). Quaternary channels crossing these structures have an average of 90 m of right‐lateral deflection
along N‐S striking and 87 m of left‐lateral deflection along NE‐SW striking segments. The overall deformation
pattern of the monoclines and observed sense of deflection of alluvial streams along secondary faults suggest that
the last reactivation of the faults beneath the Pampa de Camarones and similar structures involved a dextral
component.

Similar monoclines associated with reverse blind faults uplifting patches of Surface 5 are found in southern
interfluves (Figures 4a and 7). Notable examples include the NW‐SE striking Pampa de Tana Anticline and
NNW‐SSE striking Pampa de Tiliviche Fault. The Pampa de Tana Anticline is characterized by a steeper east‐
facing limb and a more subtle west‐facing limb. Structural data indicate that the west‐facing frontal monocline
transitions into distributed dextral faults linked to the northern tip of the Pampa de Tiliviche Fault (Figures 4a and
5a and 5b). Outcrop observations reveal the complex fault geometry and expose positive flower structures
deforming Upper Miocene rocks of the El Diablo Formation in both the Pampa de Tana Anticline (Figures 6c and
6d) and the Pampa de Tiliviche Fault (Figures S8c and S8d in Supporting Information S1). Lower vertical offsets

Figure 4. Fault inventory of the study area highlighting relevant newly mapped structures. (a) Newly observed and interpreted major structures. Stereonets show newly
collected structural data. (b) Length‐weighted frequency of fault and fracture orientation in each of the morphostructural units. (c) Distribution of fault and fracture
lengths in each of the morphostructural units. AF = Aroma Fault; ArF = Aroma Flexure; AlFS = Alejo Fault System; AtaF = Atajaña Fault; CaF = Camarones Fault;
CF= Camiña Fault; CcF = Calacala Flexure; GF = Garza Flexure; HF = Humayani Flexure; MF =Moquella Flexure; NFS = Negrito Fault System; PCA = Pampa de
Camarones Anticline; PF = Pisagua Fault; PTA = Pampa de Tana Anticline; PTF = Pampa de Tiliviche Fault; QF = Quistagama Fault; OA = Oxaya Antilcine; SF =
Soga Flexure; SM = Sucuna Monocline; SoF = Soga Fault; TaF = Tamarugal Fault. Map scale is 1; 500,000.
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along the fault tips have allowed Quaternary streams to incise into the southern Pampa de Tana Anticline and
northern Pampa de Tiliviche Fault hanging walls (Figure 7). Further south, smaller east‐vergent monoclines, such
as the Tamarugal and Soga Faults (Figures 4a and S8e and S8f in Supporting Information S1), deform Surfaces 4‐
3. The Soga Fault is linked to a NE‐SW antithetic Riedel shear branching from the Camiña Fault (Figure 7).

In areas where trunk rivers expose Mesozoic rocks, the deeper sections of the flexures and underlying faults are
observed (Figures 6e and 6f). For example, the faults beneath theMoquella Flexure and the Quisagama Fault zone
are characterized by cataclastic fault cores of tens of centimeters wide and a damage zone with pervasive
alteration of Mesozoic volcanoclastic rocks (Figure S9 in Supporting Information S1). A similar fault core was
observed beneath the Pisagua Fault scarp (Figure 6f).

4.2. Quantification of Vertical and Strike‐Slip Displacement Rates of East‐Vergent Structures

The east‐vergent structures deforming the Central Depression present variable net surface offsets, but a trend of
southward decreasing values is observed along the study area, with each fault presenting higher offsets in its
central segment (Figures 7a and 7b).

From north to south, the mean and maximum net vertical displacement rates along the Pampa de Camarones
Anticline using the youngest available age marker (El Diablo Formation top surface age) are 6.1 ± 2 m/Ma and
11.5 ± 1.5 m/Ma, respectively. No Quaternary alluvial channels are found cutting through this structure hanging
wall. Instead, a Quaternary depocenter is formed in its footwall, and streams deviate toward the north (Figure 6b).
Along the monoclines in Pampa de Chiza, mean and maximum vertical displacement rates are 8.4 ± 1.4 m/Ma
and 10.8 ± 1 m/Ma. No Quateranry alluvial channels are found on top of these structures, and they are being
deviated southwards along the footwall instead.

The mean and maximum rates along the Pampa de Tana Anticline using the youngest available age marker (mean
cosmogenic exposure age of 3.27 Ma) are 5.9 ± 1.5 m/Ma and 11.2 ± 0.8 m/Ma. A Quaternary depocenter has
formed in the footwall of this anticline, and beheaded channels are observed crossing the structure where the net
vertical displacement rates exceed 7.9 ± 0.8 m/Ma. The mean and maximum rates along the Pampa Tiliviche
Fault using the youngest available age marker (cosmogenic exposure age of 3.19 Ma) are 4.5 ± 0.7 m/Ma and
6.9 ± 0.1 m/Ma, respectively. A Quaternary basin has formed in the footwall of this fault, and beheaded channels
are found where the net surface offset exceeds 4.9 ± 0.3 m/Ma to the south. Secondary strike‐slip faults in its
northern portion deflect Quaternary channels crossing the hanging wall.

The Tamarugal and Soga Faults exhibit the lowest vertical surface offsets. Using the youngest available age
markers (El Diablo Formation top surface age and an exposure age of 7.05 Ma, respectively), the mean and
maximum vertical displacement rates for these faults are 1.5 m ± 0.1 m/Ma and 2.65 ± 0.1 m/Ma. Quaternary
channels eroded these subtle folds and fault scarps, leaving patches of uplifted Surfaces 5‐4.

The deflection of Quaternary alluvial channels is predominantly associated with distributed secondary synthetic,
en echelon dextral faults along the east‐vergent structures (Figure 7). The mean Quaternary right‐lateral
displacement rate in the study area is 26.7 ± 3.5 m/Ma, with a maximum of 74.15 ± 16 m/Ma found along
the Pampa de Camarones Anticline. Newly detected NW‐SE dextral strike‐slip faults in the Pampa Tiliviche Fault
hanging wall have a mean displacement rate of 34.2 ± 4.5 m/Ma. The Tamarugal Fault deflects Quaternary
alluvial channels in its northern segment, but no deflected streams were detected to the south or along the Soga
Fault. Intensive channel deflection is observed where the net surface uplift of each fault is the lowest and near
deeply incised trunk rivers. This is particularly evident between the Pampa de Tana Anticline and Pampa de
Tiliviche Faults, suggesting a correlation between lower tectonic uplift and increased strike‐slip activity that
facilitates river incision (Figure 7c).

Figure 5. Geomorphic evidence of oblique reactivation of west‐vergent structures. (a) Red Relief Map showing the imprint of subtle faulting on the alluvial surfaces.
Location of field localities and zoom‐in maps are framed by boxes (b) Interpretation of (a) showing the dense array of Riedel shears slightly offsetting drainages and
highlighting the active Camiña Fault below the sedimentary cover. (c) Drone photography showing deflected and interrupted streams due to subtle fault activity
(location marked in panel b). (d) Zoom in on (b) showing the ability to detect subtle tectonic activity from high‐resolution DEMs (e) Outcrop of a blind and steeply west‐
dipping subsidiary fault of the Camina Fault offsetting the El Diablo Formation and producing a gentle monocline (f, g) Raw and interpreted outcrop image of oblique
transtensional faults along the Calacala Flexure (location in Figure 4a).
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Figure 6. Geomorphic evidence of oblique reactivation of blind structures. (a) Red Relief Map with tectonic lineaments
between white arrows. (b) Interpreted folds and secondary en echelon extensional faults and paleosurfaces. (c, d) Raw and
interpreted outcrop images of compressive flower structure beneath the west‐facing scarp of the Pampa de Tana Anticline
and (e, f) Deep section of the Pisagua Fault (location in Figure 4a).
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4.3. Tectonically Driven Uplift Derived From Morphometric Drainage Analysis

The regional distribution of ksnP and knickpoints shows that trunk rivers and their tributaries reaching theWestern
Cordillera exhibit low ksnP values upstream of a main knickzone at the Precordillera. This knickzone is marked by
20 sharp tectonic knickpoints with an average elevation of 3,198 ± 341 m (Table S5 in Supporting Informa-
tion S1), along with smaller non‐tectonic knickpoints related to Miocene volcanic edifices (Figure 8). ksnP values
increase rapidly downstream, peaking before reaching the Central Depression (Figure 8a). River concavity fol-
lows similar patterns with low concavity segments upstream of the Precordillera and high concavity across it
(Figure 9a). These segments are separated by a slope‐break zone shown in χ‐elevation plots (Figure 9b). Trib-
utaries confined to the Precordillera exhibit low ksnP values with slight increases related to west‐vergent folds. A
second slope‐break zone is observed in the Tana River Basin, related to its coastal knickzone, which separates a
low concavity‐low ksnP segment in the Central Depression from a high‐concavity‐high ksnP coastal segment
(Figure 9a). ksnP values by lithology suggest a minimal effect of lithologic contrast in drainage development
across the study area, except for low values for Miocene volcanoes and high values for coastal granitoids and
basalts (Figures 8b and S5 in Supporting Information S1). χ‐elevation plots show that knickpoints related to the
Miocene volcanoes have distributed χ values and do not mark slope‐break zones (Figure 9).

The projection of the precordilleran paleo‐profiles of all analyzed rivers results in a mean gained relief of
1,062± 331 m between these and the current outlets. The mean gained relief between the projection of the coastal
segment of the Tana and Tiliviche Rivers the current outlet is 461± 24 m (Figure 9c). Minor tectonic knickpoints
were found above the west‐vergent Humayani and Garza Flexures and above the Camiña Fault. Other minor
tectonic knickpoints are associated with the reverse Atajaña and Pisagua Faults (Figures 8a and 9). The Humayani
and Garza Flexures and Camiña Fault produced a mean relief of 284 ± 98 m, 491 ± 7 m, and 12 ± 7 m,
respectively. Themean relief of the Atajaña and Pisagua Faults are 80± 19m and 71± 7, respectively (Figure 9c).
No knickpoints related to the east‐vergent structures across the Central Depression were detected.

Figure 7. Calculation of vertical and along‐strike displacement rates along east‐vergent structures of the Central Depression. (a) Surface offset, river deflection, and
location of age data used for rate calculations. (b) Calculated vertical displacement rates (c) Calculated along‐strike displacement rates and location of trunk rivers.
Dashed black and red lines in panel (b) represent Quaternary erosion, and deposition rates, respectively. ChF = Chiza Faults, PCA = Pampa de Camarones Anticline,
PTA = Pampa de Tana Anticline, PTF = Pampa de Tiliviche Fault, SoF = Soga Fault, TaF = Tamarugal Fault.
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5. Discussion
5.1. Detection of Reactivated Faults in Sediment‐Covered Landscapes

Secondary structures on top of the Camiña Fault monocline were previously identified as scattered short struc-
tures with unknown kinematics (Pinto et al., 2004; Santibáñez et al., 2019). Our results unveiled a multitude of
additional arrays of en‐echelon faults and fractures along the monoclines of the Central Depression (Figures 5

Figure 8. ksnP map and knickpoint distribution of major rivers in the study area. (a) ksnP and knickpoint distribution of the study area. Structures related to tectonic and
minor knickpoints are shown. (b) ksnP values and mean values grouped by lithology. ArF = Aroma Flexure; AtaF = Atajaña Fault; CF = Camiña Fault; GF = Garza
Flexure; HF = Humayani Flexure; MF = Moquella Flexure; OA = Oxaya Anticline; PF = Pisagua Fault.
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and 6). This finding suggests that the underlying blind faults across the study area can be mapped through careful
detection and interpretation of secondary fault scarps and fracture patterns. The fluvial incision across the Central
Depression is too low to expose deep levels of faults beneath these monoclines. Yet, the observed fault zones in
Mesozoic rocks of precordilleran west‐vergent monoclines and coastal faults display characteristics of mature
faults (Figures 6e and 6f and S8g and S8h in Supporting Information S1) (Ben‐Zion & Sammis, 2003; Chester &
Logan, 1986; Yang, 2015). Several studies suggest that faults across the forearc are inherited from Mesozoic
times and inverted in several compressive events since the Upper Cretaceous (e.g., Allmendinger et al., 2005;
Farías et al., 2005; García & Fuentes, 2012). Inverted Mesozoic normal faults beneath Central Depression are
observed in seismic sections between ca. 21–25°S latitude (Fuentes et al., 2023; Martínez et al., 2021). Shallow
seismicity with strike‐slip focal mechanisms shows the oblique Quaternary reactivation of some of the same faults
(González et al., 2021; Salazar et al., 2017). Therefore, it is likely that the newly detected subtle monoclines,

Figure 9. Morphometric analysis and paleo‐profile projection of trunk rivers and tributaries. (a) Longitudinal profiles of major river drainage networks of the study area.
(b) chi‐elevation plots corresponding to the longitudinal profiles above. Drainage networks are separated for visual clarity and to highlight their different disequilibrium
profiles. (c) Relief between current outlets and the outlet elevation of the Precordilleran paleo‐profile projection of major river trunks and main tributaries. The dashed
lines and shaded area mark the average relief between the Precordillera and the Central Depression.
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Riedel shear sand en‐echelon arrays in the study area are linked to similar well‐localized and reactivated faults
originating during the Jurassic and Early Cretaceous.

The southward and more incipient reactivation of the Camiña Fault agrees with other exemplary field studies of
blind transpressive basement faults, in which R shears and more pervasive en‐echelon structures indicate incipient
and well‐developed segments of the same master fault, respectively (Ahlgren, 2001; Davis et al., 2000; Tindall &
Davis, 1999). Analog experiments of oblique reactivation of single faults beneath a sedimentary cover show a
similar structural evolution to that observed along the Camiña Fault (e.g., Casas et al., 2001; Deng et al., 2021;
Dooley & Schreurs, 2012; Schreurs & Colletta, 1998). Our results emphasize the relevance of high‐resolution
fracture and secondary fault mapping as an important method to be included in the detection of potentially
reactivated deep‐seated faults concealed by alluvial sediments. This approach could be applied in similar desertic
areas with subtle scarps and folds related to reactivated faults deforming arid alluvial plains, for example, the
Western Argentine Precordillera (Peri et al., 2022) and Alborz Mountains in the northern Iranian Plateau (e.g.,
Kaveh‐Firouz et al., 2023; Nazari et al., 2014).

5.2. Hidden Active Structures: Quantifying Displacement Rates in Relation to Erosion‐Deposition Rates

Calculating vertical displacement rates in the study area proved challenging. Where possible, we used the
youngest exposure age of the offset surfaces as an approximation for the minimum vertical displacement rate
(Table S3 in Supporting Information S1). These results agree with previous Quaternary surface uplift estimations
of ca. 12 m/Ma for the Pampa de Tana Anticline (Binnie et al., 2020) (Figure 7). No growth strata within the upper
member of the El Diablo Formation were observed related to the activity of these faults, suggesting that the
reactivation of east‐vergent faults in the study area likely postdates the cessation of the deposition of the El Diablo
Formation. By comparing fault structures with different quantified vertical displacement rates (Pampa de Tana
Anticline: >10 m/Ma, Pampa de Tiliviche Fault: 5–10 m/Ma, and Tamarugal‐Soga Faults: <5 m/Ma), we noticed
key differences in drainage pattern development (Figure 10), from which we suggest three distinctive scenarios to
qualitatively evaluate the rate of fault activity (Figures 10b and 10c):

1. In the first scenario, vertical displacement rates exceed Quaternary erosion and deposition rates, correlating
with Quaternary depocenters and claypans (Figure 10b). Uplift rates outpace fluvial incision rates and Qua-
ternary channels are easily beheaded. The uplifted paleo‐channels are preserved in the hanging wall as
windgaps and faults present well‐developed scarps. The still active incoming channels pond along the footwall
(Figure 10b). This scenario explains the intermediate sediment deposits on the interfluves of alluvial drainages
sourcing from the Precordillera to the Central Depression in the study area (Figures 7 and 10).

2. In the second scenario, incision rates outpace deposition rates and are almost equal to the displacement rates,
causing the streams to incise parallel to the fault scarp and leading to a strongly deviated flow (Figure 10c). The
discharge from several incoming alluvial channels focuses on a single stream, which becomes strong enough to
cut across the fault scarp, typically along the fault tips where displacement rates are low. If incision slightly
exceeds displacement and deposition rates, runoff can keep pace with fault growth. Despite that incision
occurs in unconsolidated alluvial deposits, the widespread gypsum crust of the Atacama Desert can bring
enough bank stability to form narrow sinuous channels in tectonically uplifted regions before turning into wide
braided channels downstream (Ritter et al., 2022), as observed in the study area (Figure 10c).

3. In the third scenario, reactivated faults with lower displacement rates than deposition rates correlate with
warped and uplifted patches of older alluvial paleosurfaces, often accompanied by an array of en‐echelon
fractures reflecting the trace of the blind fault beneath (Figure 10d). Bufe et al. (2016) describe a similar
scenario in low‐sloping regions of the Tian Shan Range piedmont, resulting from the interplay between the
high sediment flux of the alluvial channels and low uplift rates of the growing structure. The alluvial streams
are capable of first cutting through the slow uplifting region (Humphrey & Konrad, 2000), then laterally
widening their channels and leaving small patches of warped abandoned alluvial surfaces (Bufe et al., 2016,
2019).

These three scenarios are a good proxy for the detection of Quaternary blind or buried faults and their
displacement rates and are consistent with pioneer studies on Quaternary active tectonics of blind compressive
structures (e.g., Bullard & Lettis, 1993; Lettis et al., 1997). Identifying such structures is crucial for hazard
assessment and our approach is applicable to regions where fault detection is hindered by thick sedimentary
cover (Nicol et al., 2018), such as the Tien Shan Range foreland, the alluvial plains of the Greater Caucasus
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(Forte et al., 2015; Kaveh‐Firouz et al., 2024) and slow‐deforming regions of the Mongolian foreland (van der
Wal et al., 2021). While further paleoseismological studies and additional age determinations are needed,
identifying the deep‐seated and active faults within our study area represents a significant contribution to the
hazard assessment for the Northern Chile forearc.

Figure 10. Block diagrams show the interaction between vertical displacement rate, deposition rate, and erosion rate and the
effects of these on the development of drainage patterns. The thickness of the sedimentary cover corresponds to the Cenozoic
thickness estimated in the TANA‐1A well log. (a) Map view with locations of characteristic scenarios. (b) Scenario 1:
Drainage development if deposition and incision rates are slower than vertical displacement rates. (c) Scenario 2: Drainage
development if vertical displacement rates are higher than deposition rates and lower or close to incision rates. (c) Scenario 3:
Drainage development if vertical displacement rates are lower than deposition and incision rates. D = Deposition rate;
Us = vertical displacement rate; Ei = Incision rate.
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5.3. New Insights From Major River Morphometrics Analysis

The resulting ksnP, concavity analysis, andmajor knickpoint locations (Figures 7 and 8) agreewith previous studies
suggesting that trunk rivers profiles reflect a transient response to a rapidly gained relief along the Precordillera
relative to the Central Depression (Hoke et al., 2007; Norton & Schlunegger, 2011; Schildgen et al., 2007, 2009).
The distribution of lithologic knickpoints and variations in ksnP by lithology (Figure 8b) support a sealing effect
along the Precordillera due to the formation of large Middle Miocene to Upper Miocene volcanoes, reducing
incision power of trunk rivers and leading to low‐concavity and low‐sloping upstream segments (Abbühl
et al., 2011). Increased ksnP values related to granitoids and basalts are clustered along the coastal knickzone of the
Tana River (Figure S5 in Supporting Information S1). The Tana River catchment area is almost twice the Vitor
RiverBasin (Table 1), and the lithology at their outlets is similar. Thus, the increased ksnP values and the presence of
the coastal knickzone are, in fact,more likely attributed to an uplift‐precipitation interplay than a lithological effect.

Our estimated gained relief of 1,062 ± 331 m between the Precordillera and Central Depression falls within the
range of the tectonic uplift suggested by Hoke et al. (2007) (Figure 9c). Slight differences in paleo‐stream pro-
jections can be attributed to the selected reaches used for the projections (e.g., Clementucci, Ballato, Siame, Fox,
et al., 2023) and differences in the accuracy and resolution of the digital topographic data sets employed.

These observations encourage us to interpret the newly detected minor tectonic knickpoints and gained relief
above the west‐vergent Humayani and Garza Flexures, Camiña Fault, and the east‐west striking Atajaña and
Pisagua Faults as a consequence of young fault‐related tectonic uplift (Figures 8 and 9). These knickpoints have
migrated only ca. 2.5 km upstream from the flexures hinge and faults scarps. This Late Cenozoic slow migration
of the knickpoints has been attributed to the current predominant hyperarid conditions (Garcia et al., 2011). Thus,
it is likely that the activity of these faults postdates the regional uplift of the High Andes relative to the Central
Depression, which ceased around 7 Ma (Norton & Schlunegger, 2011). The minimum suggested age for river
incision in the Camarones Basin at the Central Depression is 6.4 Ma (Hoke et al., 2007). Consequently, the
vertical displacement rates of the Humayani and Garza Flexures, and Atajaña Fault since river incision and
knickpoint formation are 79.7 ± 1 m/Ma, 44.4 ± 15.3 m/Ma, and 12.5 ± 1.1 m/Ma, respectively. The same rates
calculated for the Pisagua and Camiña Faults yield 23.7 ± 2.3 m/Ma and 4.1 ± 0.4 m/Ma since river incision
and draining of the Tiliviche paleolake at ca. 3 Ma (Kirk‐Lawlor et al., 2013). These displacement rates are
significantly higher than those for the east‐vergent structures, suggesting that the activity of the latter ones
has been largely obliterated by trunk river incision, except for the Soga River, which has a much lower incision
power.

5.4. Late Cenozoic to Recent Tectonic Evolution of the Central Depression

The tectonic evolution of the Central Depression, as observed in this study, is complex, but can be divided into
two regions based on the vergence of the structures (Figure 11a). In the eastern Central Depression, the Late
Cenozoic evolution is dominated by the reactivation of west‐vergent reverse faults, which began after ca. 7 Ma
(Figure 11b) (García et al., 2002, 2011, 2013). This reactivation was likely triggered by increased convergence
obliquity along the Arica Bend (Allmendinger & González, 2010; Farías et al., 2005; Somoza, 1998). The dextral
transpressive kinematics of the Camiña Fault fit well into this stress regime. Furthermore, the more recent activity
at <4.3 Ma of this fault, compared to the other west‐vergent structures along the Precordillera, is consistent with
the westward younging reactivation of the West Vergent Thrust System (Farías et al., 2005; Victor et al., 2004).
Small right‐lateral displacement of alluvial channels (Figure 5) attests that the Camiña Fault is slow but still active
during the Quaternary.

In the western Central Depression, the reactivation of east‐vergent structures can be summarized in two stages: (a)
The northern half of the study area likely experienced the first reactivation of east‐vergent faults, alongside NE‐
SW sinistral to transtensional coastal faults, uplifting the piedmont across the Pampa de Camarones and Pampa de
Suca interfluves. This occurred probably after ca. 8.3 Ma and before the deep incision in the Camarones Basin
(Figure 7a). (b) The reactivation continued as transpressively southward across the Pampa de Tana and Pampa del
Tamarugal interfluves, accompanied by ENE‐WSW reverse faults. This stage most likely occurred before 5.6 Ma
(Binnie et al., 2020), prior to the draining of the Tiliviche Paleolake (Kirk‐Lawlor et al., 2013), and persisted until
at least after ca. 2 Ma, which is the age of the youngest dated abandoned channel on top of the Pampa de Tana
Anticline (Binnie et al., 2020). These east‐vergent faults caused the inversion of the Andean piedmont, forming a
topographic barrier to the drainage networks prior to their deep incision across the Central Depression. Low
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incision rates in the Tana River and southern rivers allowed faults to redirect streams toward their tips, where
vertical displacement rates are <1 m/Ma (Figure 11c). Displaced and beheaded Quaternary alluvial channels
attest that the Pampa de Tiliviche Fault was active in Quaternary times, alongside the Pampa de Tana
Antilcine (Figure 10b).

Figure 11. Block diagrams depicting the Late Cenozoic landscape evolution in the Central Depression in the study area. (a) Minor folding above faults of Western
Vergent Thrust System started after ca. 7 Ma and the incision of the Camarones River started at a minimum age of ca. 6.4 Ma. The Tana River has been blocked at the
eastern boundary of the Coastal Cordillera since ca. 10 Ma, producing the Tiliviche Paleolake. (b) East‐vergent structures, NE‐SW, and ENE‐WSW faults are
reactivated in the northern part of the study area. Possible contemporaneous coastal uplift left a strath terrace at the Tana River. Incision of the Camarones River
continues, and the Tiliviche Paleolake has reduced its extension, due to increased aridity and drainage modification. Reactivation of the transpressive Camiña Fault and
other west‐vergent reverse faults is intensified in the eastern Central Depression (c) The reactivation of east‐vergent faults propagates to the south at 5.6–3 Ma,
producing uplift of the western Central Depression. Camiña Fault reactivation also propagates southward. Deep incision of the Tana River drainages started at <3 Ma,
and the Tiliviche Paleolake is completely drained by knickpoint migration, drainage modification, and aridification. (d) Map of most important Quaternary active faults
for reference. AF = Aroma Fault; ArF = Aroma Flexure; AtaF = Atajaña Fault; CaF = Camarones Fault; CC = Coastal Cordillera; CcF = Calacala Flexure;
CD = Central Depression; CF = Camiña Fault; HF = Humayani Flexure; NF = Negrito Fault; PC = Precordillera; PCA = Pampa de Camarones Anticline;
PTA = Pampa de Tana Anticline; PTF = Pampa de Tiliviche Fault; SoF = Soga Fault.
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The timing and kinematics of the reactivation of the east‐vergent structures, with a strong oblique component, are
similar to the reactivation of the transpressive structures in the West Vergent Thrust System (Farias et al., 2005;
Legrand et al., 2007). However, the Late Cenozoic westward advance of this fault system at this latitude conflicts
with the stress regime of the Coastal Cordillera indicated by its complex fault patterns intruding to the Central
Depression and the east‐vergence of structures in the western Central Depression (Figures 2, 4 and 11). Deep
seismicity shows N‐S compressive stresses across the coastal forearc and into the western Central Depression,
with dextral strike‐slip moment tensor solutions in the southern half and sinistral strike‐slip solutions in the
northern half (Herrera et al., 2021) (Figure 2a). This is compatible with the ENE‐WSW reverse faults, the reverse
to transpressive dextral kinematic of NW‐SE and NNW‐SSE Quaternary faults, and the sinistral kinematics of
NE‐SW fault systems in the northwestern portion of the study area (Figures 11d and S9 in Supporting Infor-
mation S1). Therefore, the southward propagating uplift of the western Central Depression (Figures 11a–11c) is
most likely governed by the reactivation of the east‐vergent faults which constrain the coastal block deformation.
The tectonic evolution and current fault kinematics of the study area suggest an along‐trench tectonic segmen-
tation of the coastal forearc close to the Arica Bend, which is suggested to be expressed in contrasting fault
patterns (Boutelier et al., 2014; Boutelier & Oncken, 2010).

6. Conclusions
1. We detected formerly unmapped active faults across the sediment‐covered landscape of the Central

Depression and Precordilleran foothills. These faults, primarily subsidiary faults and monoclines, exhibit
numerous secondary en‐echelon fracture arrays deforming Late Cenozoic to Quaternary surfaces. They are
diagnostic of well‐localized reactivated blind mature faults inherited from Mesozoic times.

2. Two different main fault systems are present in the Central Depression distinguishable by their vergence: the
West Vergent Thrust System to the east, and an east‐vergent fault system in the western Central Depression.
Vertical displacement rates for the east‐vergent fault system are in the order of <12 m/Ma in agreement with
previous estimates for the Pampa de Tana Anticline and are potentially higher depending on the exact onset of
displacement.

3. The timing and kinematics of reactivation of both the east‐vergent andWest Vergent Thrust Systems align with
the Late Miocene‐Pliocene onset of oblique subduction along the Arica Bend. The incremental activity of the
east‐vergent fault system is strongly linked to the ongoing tectonic evolution of the Coastal Cordillera. These
faults inverted the Andean piedmont, modifying the drainage patterns of the study area until at least 2 Ma.

4. We quantified the interaction between vertical displacement, erosion, and deposition rates for six key faults by
carefully analyzing the subtle drainage pattern changes. We propose three scenarios for evaluating Quaternary
tectonic activity, especially in areas where structural observation is hampered by sedimentary covers. The
newly detected faults identified during this study represent an under‐recognized seismic hazard, warranting
further investigation, including the dating of geomorphic markers and paleoseismological studies.

Data Availability Statement
The fault and fracture database, mapped paleosurfaces, as well as compilated cosmogenic exposure ages and
dating ages for geologic markers, are available for download in Supporting Information S2 and from the GFZ
Data Services repository (Vega‐Ruiz et al., 2024).
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