
1. Introduction
Multiple marine terraces and strandlines along the tectonically active coast of western South America record 
the accumulation of deformation that contributes to uplift of the Andean forearc at a variety of time scales 
(Darwin, 1846; Hsu, 1992; Jara-Muñoz et al., 2015; Melnick, 2016; Pedoja et al., 2014; Regard et al., 2010; 
Saillard et al., 2011; Wesson et al., 2015). The processes proposed to explain forearc deformation in this geody-
namic setting include the subduction of bathymetric anomalies (Hsu,  1992; Martinod et  al.,  2016; Pedoja 
et al., 2006; Saillard et al., 2011), upper-plate deformation (Adam & Reuther, 2000; Armijo & Thiele, 1990; 
Armijo et  al.,  2015), underplating of subducted trench sediments (Bangs et  al.,  2020; Clift & Hartley, 2007; 
Glodny et al., 2005; Melnick & Echtler, 2006; Menant et al., 2020), and the motion of forearc slivers (Jara-Muñoz 
et al., 2015; Melnick et al., 2009). Importantly, while some authors propose successive earthquakes as a possi-
ble cause for coastal uplift (González-Alfaro et al., 2018; Melnick, 2016; Melnick et al., 2006), others suggest 
that uplift is achieved through interseismic deformation (Allmendinger & González, 2010; Jolivet et al., 2020; 
Madella & Ehlers, 2021). The different processes addressed here are not mutually restrictive, and in all likelihood 
a combination of different mechanisms may be responsible for deformation and uplift of coastal areas. However, 
the relative significance of individual mechanisms for long-term coastal uplift remains debated and analyses of 
continental-scale deformation patterns along the South American convergent margin are lacking, thus leaving two 
fundamental questions open: (a) What mechanisms control the accumulation of permanent deformation in the 
coastal forearc? (b) When does coastal permanent deformation accumulate? These two questions are fundamental 
to our understanding of tectonically active coastal regions, not only in South America but also on a global scale. 
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Clarification of these issues is central to the assessment of coastal tectonic landforms and their use in deciphering 
the characteristics of long-term plate-boundary tectonism, but also to seismogenesis and associated hazards on 
much shorter time scales that include, e.g., the earthquake cycle.

Along tectonically active coasts, the signal of permanent deformation at 10 4–10 6 year time scales is preserved 
in the morphology of marine terraces that have evolved through the interplay between wave erosion and coastal 
retreat, tectonic uplift/subsidence, and climate-controlled, glacial-cycle sea-level oscillations (e.g., Lajoie, 1986). 
Marine terraces formed during the last interglacial, ∼125 kyr ago, are some of the most prominent and widely 
distributed coastal landforms (Pedoja et  al.,  2011; Siddall et  al.,  2006), which have been used extensively to 
estimate long-term coastal uplift rates (Jara-Muñoz et al., 2015; Muhs et al., 2014; Pedoja et al., 2011; Saillard 
et al., 2011). However, varying methodological approaches to measure terrace elevation, coupled with discon-
tinuous surveys focused primarily on locations with good terrace preservation, have largely prevented regional 
comparisons and lateral correlations of uplifted terraces along the western coast of South America. The recently 
published database of Freisleben et  al.  (2021), which includes almost 2,000 elevation measurements of the 
last interglacial terrace level in western South America, affords an opportunity to detect potential correlations 
between coastal deformation and the underlying tectonic mechanisms on a continental scale.

In this study, we performed spectral analysis to test for possible links between the uplift-rate signal of marine 
terraces along the western South American coast and various tectonic processes that have been proposed to be 
responsible for the accumulation of permanent deformation in the Andean forearc. Similar continental-scale 
parameter comparisons have been conducted at other subduction margins (e.g., Malatesta et al., 2021; Rousset 
et  al.,  2016). To analyze spectral similarities between the individual signals, we carried out multiple signal 
analyses using Fast Fourier Transforms (FFT). Spectral correlations between uplift rate and multiple tectonic 
parameters revealed potential mechanisms responsible for different wavelengths of permanent deformation. With 
respect to the mechanisms being responsible for the continuous background signal of uplift rate along the western 
South American margin, we tested the hypothesis of Melnick (2016) and compared it to predictions of coastal 
uplift patterns by Jolivet et al. (2020). Melnick (2016) proposed major, deep earthquakes (M7–M8, ∼35–55-km 
depth) down-dip of the interseismically locked megathrust to accumulate anelastic and therefore permanent 
deformation. This hypothesis thus argues for a disconnect between coastal deformation and the seismic cycle 
of megathrust earthquakes on the plate interface. In contrast, Jolivet et al. (2020) suggested that a small portion 
of the geodetically measured interseismic uplift translates into permanent deformation. These two hypotheses 
thus make contrasting predictions as to when permanent deformation accumulates; we addressed this problem 
by comparing long-term uplift rates with cumulative vertical displacements of major, deep earthquakes as well 
as interseismic uplift rates. Our study features a new methodological approach and provides novel perspectives 
to further elucidate the role of tectonic processes with respect to the evolution of active continental margins at 
glacial-cycle time scales.

2. Geologic and Tectonic Setting
2.1. Coastal Geomorphology and Marine Terraces Along the Western South American Coast

The ∼8,000-km-long Andean orogen constitutes the major physiographic feature of the western South American 
continent. It is divided by the Huancabamba and Arica Bends into distinctive geomorphic segments with different 
tectonic characteristics (Figure 1a; Jaillard et al., 2000). From north to south along the western South American 
coast, the relatively wide (50–180 km) coastal area of the NNE-SSW-trending Ecuadorian Andes is character-
ized by relatively low relief (<300 m a.s.l.) and separated from the southern forearc by the Dolores-Guayaquil 
Megashear (DGM). The NW-SE-oriented Peruvian segment comprises coastal plains of up to 160 km width in 
the north, which narrow to less than 40 km and then slightly widen again in the south (Suárez et al., 1983). The 
N-S-trending Chilean segment of the coastal region includes the up to 2,700-m-high Coastal Cordillera, which 
decreases in altitude to 500 m at 46°S (Jordan et al., 1983).

Multiple marine terraces, at successively higher elevations, are formed along the forearc coast at glacial-cycle 
time scales through the combined effects of wave erosion, tectonic uplift, and climate-driven sea-level oscilla-
tions. Interglacial and interstadial relative sea-level highstands during Pleistocene warm periods were respon-
sible for the carving of abrasion platforms and the retreat of coastal cliffs, which were subsequently exposed 
due to continued uplift and a falling sea level during cold periods. If the coastal uplift rate in such a scenario is 
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Figure 1.
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sufficiently high, the abrasion platforms will remain subaerially exposed; during the following relative sea-level 
highstand, a new abrasion platform will be sculpted into the rocks of the forearc at a lower position, thus leading 
to a staircase morphology (e.g., Lajoie, 1986). The resulting terrace sequences are assigned to odd-numbered 
Marine Isotope Stages (MIS; Shackleton et  al.,  2003). Multiple marine terrace levels can be observed along 
almost the entire western coast of South America. Based on global observations of sea-level fluctuations, the 
surface of the last-interglacial marine terrace (MIS 5) is associated with three second-order highstands; these 
comprise MIS 5a at 80 kyr, MIS 5c at 105 kyr, and MIS 5e at ∼125 kyr (from 128 to 116 kyr), associated with 
paleo-sea levels at −20 ± 5 m for both of the younger and +3 ± 3 m for the oldest highstand (Hearty et al., 2007; 
Pedoja et al., 2011; Rohling et al., 2009; Siddall et al., 2006; Stirling et al., 1998). The best-preserved and laterally 
most continuous terrace level was formed during MIS 5e and has been used frequently as a geomorphic strain 
marker for the estimation of coastal deformation and uplift rates, both in South America and elsewhere (Dumas 
et al., 2006; Freisleben et al., 2021; Jara-Muñoz et al., 2015; Matsu'ura et al., 2019; Muhs et al., 2002, 2014; 
Saillard et al., 2011; Simms et al., 2020; Tam & Yokoyama, 2021).

2.2. Subduction Geometry and Bathymetry of the Subducting Plate

At the convergent margin of South America, the oceanic Nazca Plate subducts beneath the South American conti-
nent with fairly constant convergence rates, varying between 59 mm/yr in the north (8°S) and 63 mm/yr in the 
south (27°S), as well as convergence azimuths, varying from N84.1° in the north to N80.7° in the south (Figure 1; 
Kendrick et al., 2003). The subduction zone in South America can be divided into four major segments based on 
spatial distributions of Benioff-zone seismicity, which delineate varying angles of the subducting slab (Figure 1). 
Relatively steep segments of the subducting plate, dipping 25°–30° at depths of ∼100 km, are interrupted by 
two major flat-slab subduction segments, dipping only 5°–10°, beneath central Peru (2°–15°S) and central Chile 
(27°–33°S), respectively (Hayes et al., 2018; Jordan et al., 1983).

Several bathymetric anomalies characterize the seafloor of the subducting plate, the two most prominent ones 
being the Carnegie and Nazca aseismic ridges at 0° and 15°S, respectively. The 300-km-wide and ∼2-km-high 
Carnegie Ridge subducts roughly parallel to the convergence direction, while the obliquity of the 200-km-wide 
and 1.5-km-high Nazca Ridge has caused its intersection with the trench to be shifted 500 km toward the SE 
during the last 10 Ma (Gutscher et al., 1999; Hampel, 2002; Kendrick et al., 2003). Additional smaller bathyme-
tric anomalies include the Juan Fernández, Copiapó, Taltal, and Iquique ridges, as well as several fracture zones 
(e.g., Mendaña and Nazca fracture zones; Figure 1a). The subduction of these bathymetric anomalies influences 
the degree of interplate coupling and the associated seismic hazard by creating fracture networks that promote 
small earthquakes and aseismic creep (Bassett & Watts, 2015; Collot et al., 2017; Wang & Bilek, 2011).

2.3. Major Coastal Fault Systems and Seismicity

The main structures affecting the convergent margin of the western South American coast comprise multiple 
fault systems with varying kinematics; their occurrence is closely connected with the subducting Nazca Plate 
and inherited heterogeneities in the South American continental plate (e.g., Armijo & Thiele,  1990; Audin 
et al., 2008; Wang & Bilek, 2014). North of the Huancabamba Bend, dextral strike-slip and thrust faulting occurs 
in the coastal areas of Ecuador, although normal faulting has been observed at some locations such as Punta 
Galera or at the Manta Peninsula (Figure 1). The largest structure in this region is the 2,000-km-long, dextral 
and NE-striking DGM, which separates the northern from the southern forearc units and is associated with 
normal faulting in the Gulf of Guayaquil, as well as dextral strike-slip faulting on the Santa Elena Peninsula 
and regions to the north (Alvarado et al., 2016; Baize et al., 2015; Margirier et al., 2023). In the coastal regions 
of Peru, normal faulting occurs primarily on the Illescas Peninsula, within the El Huevo-Lomas fault system 

Figure 1. (a) Tectonic setting of the western South American plate margin showing the major crustal fault systems (Costa et al., 2000; Maldonado et al., 2021; Veloza 
et al., 2012), slab depth (Hayes et al., 2018) and flat-slab subduction segments, bathymetric features of the subducting plate, convergence vectors (Kendrick et al., 2003), 
and elevations of last-interglacial marine terraces (Freisleben et al., 2021) DGM, Dolores-Guayaquil Megashear; HLFS, El Huevo-Lomas fault system; CFS, Chololo 
fault system; AFS, Atacama fault system; LOFZ, Liquiñe-Ofqui fault zone; FZ, fracture zone; TR, Taltal Ridge; CR, Copiapó Ridge (World Ocean Basemap: Esri, 
Garmin, GEBCO, NOAA, NGDC, and other contributors). (b) Location of the study area. (c) Histogram of last-interglacial marine terrace elevations from the database 
of Freisleben et al. (2021). The count of terrace elevations follows a log-normal distribution with a median of 30 m. MIS 5, Marine Isotopic Stage 5. (d) Latitudinal 
extent of great subduction earthquakes (≥M7.5) along the western South American coast between 1647 and 2015 colored by magnitude (Udias et al., 2012; Villegas-
Lanza et al., 2016) (e) Uplift rates of last-interglacial marine terraces (MIS 5e and 5c) calculated from the terrace elevations of Freisleben et al. (2021).
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(San Juan de Marcona area), and within the Chololo fault system (CFS) farther south (Audin et al., 2008; Costa 
et al., 2020; Veloza et al., 2012). The principal coastal faults that have been described along the northern Chilean 
convergent margin are part of the Atacama fault system (AFS), which extends from Iquique to La Serena (30°S) 
with predominantly N-S-striking normal faults (Figure 1; Naranjo, 1987; Santibáñez et al., 2019). Smaller and 
more disconnected fault systems occur farther south in the Altos de Talinay area (e.g., Puerto Aldea fault) near 
Valparaiso, Topocalma, and Carranza, and on the Arauco Peninsula (Figure 1; Maldonado et al., 2021).

Most great (≥MW7.5) earthquakes along the tectonically active western margin of South America are associated 
with the subduction of the Nazca Plate beneath the South American continent, although some correspond to 
normal-faulting events within the down-going slab (Beck et al., 1998). Figure 1d shows the spatial and temporal 
distribution of those earthquakes, which display patterns of recurrent great events in distinct seismotectonic 
segments of the forearc (Lomnitz, 2004; Molina et al., 2021; Saillard et al., 2017).

3. Methods and Data
Our approach to analyze the terrace signal and potential processes controlling the spatial distribution of uplift 
rates comprises the decomposition of the signals themselves and a comparison of their wavelength spectra. The 
calculations and outputs were processed and elaborated using MATLAB ®. Although various approaches have 
been used at a continental scale to unravel processes responsible for the accumulation of permanent deformation 
in the forearc (e.g., Malatesta et al., 2021; Rousset et al., 2016), our approach is specifically targeted toward 
a comparison of wavelengths of long-term uplift rates with potential processes and conditions that generate 
specific deformation signals. We used uplift rates calculated from the terrace-elevation database of Freisleben 
et al.  (2021). We are aware that terrace-elevation measurements within the database vary in quality based on 
several factors, most notably the distance to the nearest age estimate. However, the continuous distribution and 
generally good quality rating of the measurements (Freisleben et al., 2021) provide the unique opportunity to 
thoroughly analyze this database for the first time on a continent-wide scale, and to compare it with potential 
parameters and associated mechanisms that may influence permanent forearc deformation along the coast. Sensi-
tivity tests on the wavelength analysis using only points above a certain quality-rating threshold did not reveal any 
significant changes in comparison with the entire database (Figure S7 in Supporting Information S1).

3.1. Input Signals

For the marine terrace signal, we calculated uplift rates using MIS 5e and 5c shoreline-angle elevations of 
last-interglacial marine terraces (Freisleben et al., 2021) together with associated sea-level altitudes and terrace-
age estimates. We analyzed and compared the dominant wavelengths of the marine terrace signal to those of the 
signals of residual gravity anomaly, interseismic uplift rate, effective basal friction, coseismic land-level change, 
bathymetric anomaly, distance to the trench, and background seismicity (Figure 2). To allow for a better compar-
ison with terrace-uplift rates, we extracted all signals except bathymetric anomaly and background seismicity at 
the terrace locations and projected them along the trench.

The signal of residual gravity anomaly was obtained by applying the principal component analysis method, 
described in Molina et al. (2021) for the Chilean margin, to the Free-Air gravity anomaly grid from Sandwell 
et al.  (2014) for the entire western coast of South America (Figure S1a in Supporting Information S1). In a 
second step, we calculated the mean value along trench-perpendicular profiles from the terrace location to the 
trench. This latter value provides an indirect measure of the effective normal stress across the entire accretion-
ary wedge, since the residual gravity anomaly is associated with variations in forearc density and thus vertical 
stresses acting on the megathrust (Molina et al., 2021). To attain estimates of interseismic uplift rate, we used 
the block model of Graham et al.  (2018; modified for South America), which decomposes interseismic GPS 
velocities to slip deficit on block-bounding faults, coupling on triangular dislocation elements (Figure S1b in 
Supporting Information S1), and plate rotations. We then calculated interseismic uplift rates at the terrace loca-
tions using the results of the block model and a built-in forward-model function. For the signal related to great 
subduction earthquakes, we used Okada models of 12 great earthquakes (≥MW7.5) since 1995 that were gener-
ated from finite fault models by Hayes  (2017) (Figure S1c in Supporting Information S1). We extracted the 
cumulative vertical displacement at the location of each marine terrace measurement from these models to create 
a signal of coseismic land-level changes along the South American coast. To obtain the signal related to bathy-
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metric anomalies, we generated a 150-km-wide, trench-parallel swath profile west of the trench, on which we 
subsequently applied a high-pass Butterworth filter (Figure S9 in Supporting Information S1). This filter served 
to generate a signal of bathymetric irregularities instead of bathymetric depth, by enhancing high-frequency 
parts of the bathymetry signal while maintaining the long wavelengths. We estimated the distance to the trench 
by projecting the points of the marine terrace measurements perpendicular to the trench and using the obtained 
projection distance.

Another parameter included in our analysis was the coefficient of effective basal friction (μb eff). Assuming the 
forearc acts like a noncohesive critical Coulomb wedge, the critical taper angle can be described by its coeffi-
cients of internal and basal friction (μi and μb) as well as its internal and basal Hubbert-Rubey fluid-pressure 
ratios (λi and λb) (Dahlen, 1984). To calculate μb eff, we used a combination of the solution for a noncohesive 
critical Coulomb wedge by Dahlen (1984) generalized with a Mohr's construction by Lehner (1986), which was 
established by Cubas et al. (2013)

𝜇𝜇b
eff = (1 - 𝜆𝜆b)𝜇𝜇b (1)

The critical taper angle (α + β)crit. is calculated using the angles between the maximum principal stress and the 
base and the top of the wedge (ψb and ψ0)

(𝛼𝛼 + 𝛽𝛽)crit. = 𝜓𝜓b-𝜓𝜓0 (2)

where the two angles ψb and ψ0 are a function of the internal and basal angles of friction (ϕi and ϕb)

𝜓𝜓b =
1

2
arcsin

(

sin𝜙𝜙′

b

sin𝜙𝜙b

)

−
1

2
𝜙𝜙′

b
with𝜇𝜇b = tan𝜑𝜑b and (3)

𝜓𝜓0 =
1

2
arcsin

(

sin 𝛼𝛼′

sin𝜙𝜙i

)

−
1

2
𝛼𝛼′

with𝜇𝜇i = tan𝜑𝜑i (4)

The angles α′ and 𝐴𝐴 𝐴𝐴′

b
 additionally take into account pore-fluid pressure through internal and basal Hubbert-Rubey 

fluid-pressure ratios

tan𝜙𝜙′

b
=

(

1 − 𝜆𝜆b

1 − 𝜆𝜆i

)

tan𝜙𝜙b (5)

𝛼𝛼′
= arctan

[(

1 −
𝜌𝜌w

𝜌𝜌

1 − 𝜆𝜆i

)

tan 𝛼𝛼

]

 (6)

To calculate the topographic slope (α), we divided the height difference between the trench and the terrace loca-
tion by their distance using the GEBCO 2020 bathymetric and topographic grid (GEBCO Bathymetric Compi-
lation Group, 2020). The dip of the subducting plate (β) is derived from the slab depth at the terrace location, 
using the Slab2.0 model of Hayes et al. (2018), and the distance to the trench. For the remaining coefficients 
we chose μi = 0.6, λi = λb = 0.85, ρ = 2.7 g/cm 3, ρw = 1 g/cm 3, where ρ and ρw are the densities of the wedge 
material and the pore fluid (water), respectively. The chosen values for μi and λi are commonly used values for 
the coefficient of internal friction in South America and the pore-fluid-pressure ratio according to Byerlee's law 
(Cubas et al., 2013; Dahlen, 1984).

Background seismicity constitutes the last continuous signal that we analyzed and compared with the uplift rate. 
We extracted background seismicity along the western South American coast following the approach of Madella 
and Ehlers  (2021), using all earthquakes that occurred since 1973 between the trench and the 60-km depth 
contour from the USGS earthquake catalog; prior to 1973, the records are incomplete (https://earthquake.usgs.
gov/earthquakes/search/, downloaded on 17.09.2021). Additional filters include a reduction of the magnitude 
range (M4.3–M6) based on a Gutenberg-Richter plot. In addition to using all of the described seismic events in 
one analysis (Figure S3 in Supporting Information S1), in a separate analysis (Figure S4 in Supporting Infor-
mation S1) we excluded earthquakes >10 km away from the subducting slab. To retrieve the background seis-
micity, we excluded great earthquakes with multiple postseismic events by carrying out a cluster analysis, using 
the DBSCAN algorithm in MATLAB ® based on spatial and temporal cluster characteristics. We then counted 

 19449194, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023T

C
007815 by C

ochrane France, W
iley O

nline L
ibrary on [14/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://earthquake.usgs.gov/earthquakes/search/
https://earthquake.usgs.gov/earthquakes/search/


Tectonics

FREISLEBEN ET AL.

10.1029/2023TC007815

7 of 17

all earthquakes within 20-km-wide bins from the subduction trench to the 
60-km depth contour to obtain a signal for background seismicity (Figures 
S3 and S4 in Supporting Information S1).

3.2. Signal Analysis

The signal analysis involved several steps to estimate the contribution of each 
process influencing the observed signal of cumulative permanent coastal 
uplift. In an initial step, we interpolated the signals using a step size of 10 km 
to ensure equal point density along the entire length of the trench (see Figure 
S11 in Supporting Information S1 for point spacing before interpolation). To 
assess the role of the step size for the interpolation of input signals, we carried 
out a sensitivity test, which showed no significant change of the output wave-
length spectrum for step sizes ≤30 km (Figure S6 in Supporting Informa-

tion S1). In a second step, we carried out an FFT and calculated the power spectral density (PSD) of the frequency 
range for each signal, which we reciprocated to obtain wavelength values. By the application of an inverse FFT 
and a power-spectrum threshold below the major peaks we were able to accurately reproduce the input signals.

Spectral comparison of uplift rates and tectonic parameters via signal analysis focuses on the distribution of 
wavelengths but neglects the equally important aspect of spatial coherence between individual signals. However, 
we propose that this kind of analysis accounts for spatiotemporal changes in tectonic processes over millennial 
time scales that might otherwise be overlooked.

Apart from these continuous signals along the margin, we also analyzed wavelengths related to discrete processes 
such as crustal faulting, which, although not suitable for FFT, might still control parts of the uplift-rate spectrum. 
We analyzed crustal faulting using Okada models (Okada, 1992) of 33 faults near the coast with the input fault 
geometry and fault parameters of the CHAF database of active faults in Chile (Figures S2 and S8 in Supporting 
Information S1; Maldonado et al., 2021). Since the depth, dip, slip rate, and rake are not well known for most of 
the analyzed faults, we iterated several dislocation models by arbitrarily varying these parameters within defined 
ranges based on well-studied faults in South America of similar kinematics (Table 1).

We used a down-dip depth of 25 km for the elastic models, which is typical for crustal faults in the coastal forearc 
(e.g., El Yolki Fault in Melnick et al. (2019)), changing this parameter only for three model runs to a depth of 
15 km (e.g., Santa María Fault in Jara-Muñoz et al. (2017)). From the Okada models, we extracted displacement 
profiles of 200-km length perpendicular to the fault strike and calculated the distance between −10 and 10 cm 
displacement (Figure S8 in Supporting Information S1). The resulting lengths are displayed in a histogram and 
are fitted to a kernel-density function (Figure 4).

3.3. Estimation of Spectral Correlation

We quantified correlations between uplift rate and the analyzed tectonic features using the resulting wavelength 
spectra. To ensure equal point spacing and similar maximum amplitudes, we interpolated (step size: 10 km) and 
normalized all wavelength signals. Since most of the analyzed features are restricted to specific wavelength ranges, 
we calculated the product of normalized PSDs of tectonic parameters and uplift rate for each wavelength point to 
quantify and locate high correlation with respect to the uplift-rate spectrum (Figures 5 and Figures S12–S19 in 
Supporting Information S1). The linear correlation coefficients between the entire spectra were also included in our 
calculations.

4. Results
For the description of the wavelength analysis, we defined three categories of peaks depending on their ampli-
tude relative to the maximum amplitude of the wavelength spectrum. Wavelength peaks are considered small, 
medium, or large if they reach <30%, 30%–60%, or >60% of the maximum amplitude, respectively.

Model run
Up-dip depth 

(km)
Down-dip 
depth (km) Dip

Slip rate 
(mm/yr) Rake

1–3 0 25 60 0.2; 1;2 90

4–6 2 25 60 0.2; 1;2 90

7–9 0 15 60 0.2; 1;2 90

10–12 0 25 90 0.2; 1;2 90

Note. Up-dip depth, down-dip depth, or fault dip change after three model 
runs, during which three different slip rates are tested.

Table 1 
Fault Parameters Used for Elastic Modeling of Crustal Faults
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Figure 2. Comparison of the uplift-rate signal (a) and its corresponding wavelength spectrum (b) with the signals and analysis of various tectonic parameters including 
residual gravity anomaly (c, d), distance to the trench (e, f), coseismic land-level changes (g, h), interseismic uplift rate (i, j), effective basal friction (k, l), bathymetric 
anomaly (m, n), and background seismicity (o, p). Vertical gray bars in the wavelength spectra indicate the most prominent peaks in the uplift-rate range. Orientation: 
South-North.
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4.1. Uplift-Rate Signal

At the scale of the western coast of South America, long-term coastal uplift 
rates estimated over the past ∼125 kyr display a relatively constant back-
ground signal (median: 0.225  mm/yr) with at least 10 short-wavelength 
(e.g., near Los Vilos, Valparaíso, Carranza) and five long-wavelength 
peaks (e.g., on the Manta and Arauco peninsulas, San Juan de Marcona; 
Figure 2a). To test the reliability of the background signal, we randomly 
removed an increasing number of uplift-rate estimates from the terrace 
database while calculating the median of the remaining values. We iter-
ated this procedure 50 times to eliminate any statistical artifacts for the 
randomly removed points. We only observed a significant variation of the 
median uplift rate (deviating more than the median error of uplift rate) when 
>90% of the points were removed (Figure  3). We therefore consider the 
background signal of uplift rate to be significant at the scale of the South 
American margin.

The wavelength spectrum of the uplift-rate signal resulting from the FFT 
analysis shows several small peaks at wavelengths between 20 and 180 km, 
medium peaks within the range of 190 and 360  km, a broad large peak 
between 400-km and 600-km wavelength, and another large peak at 835 km 
(Figure 2b).

4.2. Residual Gravity Anomaly and Distance to the Trench

The residual gravity anomaly along the western coast of South America varies between −100 and 100 mgal, 
showing a relatively long-wavelength signal (Figure 2c). The wavelength spectrum indicates only a few small 
peaks below 400 km. The main part of the signal is characterized by a broad medium-sized peak between 430-km 
and 650-km wavelength and a major peak at 835 km (Figure 2d). Only two smaller peaks appear at wavelengths 
of 280 and 310 km.

The distances from our terrace-measurement locations to the trench vary between 50 and 150 km but show large 
and very long-wavelength increases (>1,000 km) at the Arica Bend in Chile and in central Peru (Figure 2e). 

Shorter-wavelength changes in distance to the trench are represented in the 
wavelength spectrum by two large peaks at 280 km and between 580-km and 
750-km wavelength (Figure 2f).

4.3. Coseismic Land-Level Changes and Interseismic Uplift Rate

Coseismic vertical displacements show an even distribution of subsidence 
and uplift along the coast (Figure 2g and Figure S10 in Supporting Informa-
tion S1), with most significant land-level changes resulting from the Illapel 
(2015), Maule (2010), Arequipa (2001), and Antofagasta (1995) earthquakes. 
The wavelength spectrum displays three small peaks (at 125, 195, and 
240 km), five medium peaks (at 150, 295, 385, 500, and 780 km), and one 
large peak (at 335 km) representing mainly intermediate to long-wavelength 
signals (Figure 2h).

The signal of interseismic vertical velocities is characterized by medium 
to long wavelengths, indicating subsidence in Chile/southern Peru and 
uplift primarily in northern Peru/Ecuador (Figure  2i). The wavelengths 
might result partially from the model resolution, which is constrained by a 
triangular-element raster with side lengths between ∼60 and 100 km (Graham 
et al., 2018). We observe multiple small peaks in the spectrum below 500-km 

Figure 3. Reliability test of the continuous background signal of uplift rates. 
Median uplift rates (y-axis) stay relatively constant when an increasing number 
of terrace measurements is removed (x-axis). The different colors display the 
individual runs of random point removal (n = 50), and the black horizontal lines 
represent the median uplift rate plus or minus the median error of uplift rate.

Figure 4. Histogram of the extent of fault displacement resulting from 
all elastic Okada models with either CHAF parameters or varying fault 
parameters for less well-studied crustal faults. Colored graphs represent 
kernel-density functions of the individual fault models, where the specified 
parameter changes according to Table 1; bold black line represents the kernel 
fit for all Okada models.
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wavelength, while one medium peak appears at 560-km wavelength and one large peak can be observed at 
835 km (Figure 2j).

4.4. Basal Friction and Bathymetric Anomalies

Along the western coast of South America, effective basal friction varies in a long-wavelength pattern from ∼0 to 
0.2, with higher values characteristic for Peru and south-central Chile (Figure 2k). Analysis of this signal reveals 
two small peaks around 200 km and one at 390 km, a medium peak at 280-km wavelength, and two large peaks 
at 630 and 835 km (Figure 2l).

The filtered and detrended bathymetry signal that represents bathymetric anomalies shows changes of ±500 m, 
with the most significant anomalies at the Nazca, Carnegie, Juan Fernández, Copiapo, and Taltal ridges 
(Figure 2m). This signal results in a power spectrum with three small peaks from 165-km to 265-km wavelengths 
and at 845 km, two medium peaks at 440 and 560 km, and one large peak at 360-km wavelength (Figure 2n).

4.5. Background Seismicity and Crustal Faulting

The signal of background seismicity shows relatively low variability with seismicity increasing broadly (hundreds 
of km width) in the vicinity of the Juan Fernández Ridge (Figure 2o). Accordingly, the wavelength spectrum 
shows several small peaks below 240 km and two medium peaks at 105 and 220 km (Figure 2p). We further 
observe a medium to large peak at 280 km, a broad medium-sized peak from 450 to 600 km (only for the entire 
background-seismicity signal), and another large peak at 720-km wavelength.

We performed 120 elastic Okada models on 33 crustal faults along the western South American coast, which 
show absolute vertical displacements (>10 cm) in areas of maximum 22.5–66.2 km extent measured perpendic-
ular to the fault trace (Figure 4 and Figure S8 in Supporting Information S1). The kernel-fitted density function 
of this wavelength distribution shows an asymmetric peak at smaller wavelengths with a median at 36.1 km 
(Figure 4).

5. Discussion
5.1. Processes Controlling Various Wavelengths of Deformation

The mechanisms contributing to the accumulation of permanent deformation along tectonically active forearcs 
are currently a matter of debate, primarily because they have not yet been analyzed on a continental scale (Jolivet 
et al., 2020; Mann et al., 1998; Melnick, 2016; Menant et al., 2020). We attempt to contribute to this ongoing 
debate by analyzing and comparing the wavelength signal of terrace-uplift rates with the wavelength signals of a 
selection of tectonic parameters thought to be associated with processes causing permanent forearc uplift at the 
coast. For better comparability, we divided the uplift-rate spectrum in ranges of short-wavelength (<100 km), 
intermediate-wavelength (100–450 km), and long-wavelength (>450 km) deformation. Although our analysis 
reveals multiple patterns and parameters correlating to certain ranges of wavelength in the uplift-rate spectrum, 
we infer that a specific set of processes associated with the seismotectonic segmentation of the megathrust is 
responsible for these signals (Figure 5). Although a correlation is not proof of a causal relationship, multiple 
correlations of different tectonic mechanisms and parameters can be inferred to support a specific potential 
mechanism, especially when the parameters are independent of each other. Furthermore, we attempted to corre-
late mechanisms that have been previously proposed as drivers of coastal uplift and use these correlations to test 
hypotheses.

Linear correlations between the entire wavelength spectra of coastal uplift rate and potential driving mechanisms 
are highest for the residual gravity anomaly and interseismic uplift rate, and to a lesser extent for coseismic 
land-level changes and bathymetric anomalies, suggesting that these phenomena are characterized by similar 
wavelengths as the long-term uplift-rate pattern (Figure 5). In contrast, the negative correlations of background 
seismicity, trench distance, and crustal faulting are attributed to the dominance of certain wavelengths in these 
spectra that are not present or not as pronounced in the long-term uplift-rate signal.
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Quantifying and localizing correlations at specific wavelengths suggest that short wavelengths (<100  km) in 
the uplift-rate signal are mainly caused by crustal faulting, as might be expected. The absence of a significant 
overall correlation between uplift rate and crustal faulting is attributed to the low power of short-wavelength 
signals in the uplift-rate spectrum. However, we consider wavelengths between 22.5 and 66.2 km to be a reason-
able maximum estimate for the wavelength of uplift signals controlled by crustal faults (Figure 4), taking into 
account that small faults may be underrepresented in our analysis and that complete rupture of large faults is rare. 
Intermediate-wavelength (100–450 km) variations in terrace-uplift rate coincide in the spectrum primarily with 
(a) coseismic vertical displacements related to great earthquakes (M7.5–M8), (b) medium bathymetric anoma-
lies (e.g., Taltal or Copiapo ridges), and (c) high-frequency changes in background seismicity (Figure 5). The 
correlating shorter wavelengths of these features may indicate the locked areas on the megathrust, which rupture 
either during multiple small cascading events (background seismicity) or during great earthquakes (Madella & 
Ehlers, 2021; Métois et  al., 2016; Remy et al., 2016; Schurr et  al., 2014). The respective longer wavelengths 
(megathrust earthquakes > M8, long-wavelength background seismicity, large bathymetric anomalies) are simi-
larly correlated with the uplift-rate spectrum in the long-wavelength range (>450 km) and might represent the 
upper extent of locked megathrust patches. The remaining parameters primarily show correlations with the uplift-
rate spectrum at long wavelengths, namely interseismic uplift rates, basal friction, residual gravity anomaly, and to 
a lesser extent trench distance (Figure 5). However, we note that the distance to the trench is included in the calcu-
lation of effective basal friction and is therefore not independent from this parameter. The related processes might 
influence the long-term seismotectonic segmentation of the megathrust on 10 2-km scales and affect the physical 
behavior of the megathrust. This may apply, for instance, to lateral density variations in the forearc that change the 
vertical loading on faults and thus the effective normal stresses (Cubas et al., 2013; Molina et al., 2021).

Our signal-analysis approach supports the notion that mechanisms such as the subduction of bathymetric anom-
alies and coseismic slip are related to various wavelengths of permanent deformation and the seismotectonic 
segmentation of the megathrust, as had been proposed in previous studies (Molina et al., 2021; Philibosian & 
Meltzner, 2020; Singh et al., 2011). In light of this finding, we emphasize the significant correlations between 
terrace-uplift rates and coseismic land-level changes in both long-wavelength and intermediate-wavelength 
ranges, suggesting primarily coseismic accumulation of permanent coastal uplift (Figure  5; González-Alfaro 

Figure 5. Normalized wavelength spectrum resulting from the analysis of the uplift-rate signal (top). Dashed black lines 
indicate ranges of short-wavelength (<100 km), intermediate-wavelength (100–450 km), and long-wavelength (>450 km) 
deformation. Color scales below quantify and localize the correlation (0—red to 0.5—blue) between the wavelength spectra 
of the tectonic parameters and the uplift rate. Gray dashed boxes indicate several correlations described in the text, and the 
numbers on the right quantify the linear correlation between the full spectra.
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et  al.,  2018; Melnick,  2016). Our analysis furthermore confirms that short-wavelength deformation in the 
coastal forearc is controlled by crustal faults in the upper plate (Jara-Muñoz et al., 2015; Kelsey et al., 1996; 
Matsu'ura, 2015), while long-wavelength parameters such as basal friction or residual gravity anomalies might 
influence the larger-scale segmentation of the megathrust (Molina et  al.,  2021). Our results underscore that 
the signal of uplift rates averaged since the last interglacial along the South American margin is controlled 
by processes acting on different time scales and originating from deep-seated regional as well as crustal local 
sources, as has been suggested for other subduction margins (e.g., Ferranti et al., 2006, 2010).

5.2. The Continuous Uplift-Rate Signal Along the Western Coast of South America

Besides the previously described and interpreted deformation patterns with wavelengths of up to 850 km, we 
observe a fairly continuous background signal of uplift rate along the entire western South American margin 
(Figures 1e and 3), which may be explained by two potential scenarios. In the first scenario, the background 
uplift could originate from a single, low-magnitude mechanism acting continuously along the entire margin. 
The second scenario involves a single or multiple, spatially distributed processes that temporarily change loca-
tion and/or magnitude and accrue over millennial time scales toward a continuous and permanent signal of 
background-uplift rate. In search for the mechanism(s) responsible for the observed background-uplift-rate signal, 
we exclude processes that have a localized and high-amplitude impact on the comparatively low-amplitude, 
continuous signal of background-uplift rate. These include phenomena attributed to the subduction of bathy-
metric anomalies, such as high-uplift areas where the Nazca and Carnegie ridges intercept the forearc (e.g., 
Hsu, 1992; Pedoja et al., 2006), the coastal sectors of Topocalma, Carranza, and Mejillones with pronounced 
crustal faulting, or the Arauco peninsula characterized by the motion of a forearc sliver (Jara-Muñoz et al., 2015; 
Melnick et al., 2009). Such processes have also been associated with short-wavelength to intermediate wavelength 
of upper-plate deformation at other subduction zones (Gardner et al., 2013; Kelsey et al., 1996; Matsu'ura, 2015; 
McKenzie et al., 2022; Sak et al., 2004) and are viewed as unlikely to accommodate a continuous low-magnitude 
background-uplift rate as observed by us.

With respect to the first scenario of a single, low-magnitude mechanism acting continuously along the entire 
margin, the low-magnitude mechanisms and parameters generally seem to lack the spatial continuity that would be 
required to explain the observations. Background seismicity (Figure 2o) could be considered for this scenario, since 
Madella and Ehlers (2021) show a possible correlation with long-term uplift rates in northern Japan and central 
South America. However, high-frequency changes in the inferred signal of background seismicity and the relatively 
short time interval of ∼50 years analyzed in comparison with the duration of a seismic cycle (∼100–300 years; 
Cisternas et al., 2005; Comte & Pardo, 1991) prevent further interpretations regarding the role of this mechanism.

Alternatively, the virtually continuous background signal of uplift rates might result from a single or various 
mechanisms of different wavelength, timing, and location that overlap and accumulate over millennial time 
scales. We used the results of our analysis to test the mechanism proposed by Jolivet et al. (2020), who suggest 
that a small portion of interseismic uplift translates into permanent deformation. We also tested the hypothesis 
put forward by Melnick (2016), who suggested major, domain-C earthquakes (∼35–55-km depth) to be respon-
sible for permanent coastal uplift signals. Based on the depth zonation suggested by Lay et  al.  (2012), such 
domain-C earthquakes are characterized by smaller, isolated megathrust patches that usually cause great-sized 
events.

The mechanism proposed by Jolivet et al. (2020) was tested by plotting analyzing two different plots of interseismic 
uplift rates against terrace-uplift rates, one excluding the points in the vicinity of crustal faults and the other includ-
ing only such points. The selection of fault-influenced points was made using a 10-km-wide buffer around each 
coastal fault from the CHAF and GEM databases (Maldonado et al., 2021; Styron & Pagani, 2020). Interestingly, 
interseismic uplift displays no direct correlation with terrace-uplift rates, neither when points near active faults are 
removed (Figure 6a), nor when only points in the vicinity of crustal faults are plotted (Figure 6b). Furthermore, 
interseismic velocities indicate almost exclusively subsidence for southern Peru and Chile, representing ∼60% of 
the analyzed margin (Figure 2i), whereas the terrace record only records long-term uplift. On the other hand, test-
ing such a relationship at a continental scale cannot rule out local, smaller-scale correlations between interseismic 
and long-term coastal uplift. We therefore suggest that either a very small fraction of interseismic slip is being 
accumulated as permanent deformation or that such a mechanism is confined to specific local areas.
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Since the occurrence of great earthquakes (M > 7.5) exhibits an equal degree of coseismic coastal subsidence and 
uplift (Figure 2g and Figure S10 in Supporting Information S1; Gusman et al., 2015; Melnick, 2016; Ocola, 2008), 
we infer no generally applicable and immediate causality between coseismic vertical displacements and terrace-uplift 
rates. Apparently, not all earthquakes are responsible for permanent coastal uplift, but major earthquakes near the 
Moho (domain-C earthquakes: ∼35–55-km depth; M7–M8) that have recently caused several decimeters of coastal 
uplift (Figures 7a and 7b) might explain the observed background-uplift rates. The well-correlated wavelength spec-
tra of terrace-uplift rate and coseismic coastal uplift resulting from such events (Figure 7c) indicate the relationship 
between both features. In conjunction with moderate coseismic uplift resulting from major, domain-C earthquakes 
we propose that spatiotemporal variations in the occurrence of such events could produce a continuous signal of 
background uplift over millennial time scales. This would support the hypothesis proposed by Melnick  (2016) 
that accumulation of anelastic deformation occurs down-dip of the interseismically locked megathrust. Maximum 
coseismic displacements along the coast vary between 309 and 386 mm for the considered earthquakes (Figure 7a). 
A recurrence time of 88 years of domain-C earthquakes would therefore be needed to account for a background-uplift 
rate of 0.225 mm/yr during the last 125 kyr (using a median coseismic uplift of 318 mm). Although the occurrence 
of such major and deep earthquakes has not yet been recorded continuously along the western South American 
coast, we consider the calculated recurrence time to be reasonable, due to similar recurrence times of 82–123 years 
for M7.7–M8 earthquakes based on Gutenberg-Richter distributions in northern Chile (Sippl et  al.,  2019). We 
hypothesize that major, deep earthquakes are responsible for permanent coastal uplift. However, a caveat for our 
hypothesis is that the available seismicity catalogs are incomplete, especially for parts of the Peruvian and Ecua-
dorian margins (e.g., USGS earthquake catalog). Although domain-C earthquakes are characteristic of the entire 
South American margin (Figure S5 in Supporting Information S1; ISC-GEM earthquake catalog, Di Giacomo 
et al., 2018), their spatially disparate nature makes further validation of this hypothesis necessary.

Figure 6. Interseismic uplift rates derived from the block model show no correlation with long-term uplift-rate estimates 
of marine terraces. (a) Points >10 km away from active faults and (b) points ≤10 km away from active faults based on the 
CHAF and GEM databases (Maldonado et al., 2021; Styron & Pagani, 2020). All points are colored by latitude.

Figure 7. Cumulative vertical displacements of major domain-C earthquakes extracted at the coastline and projected along 
the trench (a), primarily showing coseismic uplift when plotted in a histogram (b). Maximum coseismic displacement at 
the coast is stated in parentheses below each earthquake. (c) Wavelength spectrum of coseismic coastal land-level changes 
demonstrating a significant correlation with the spectrum of terrace-uplift rate.
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6. Conclusions
In this study, we tested the impact of various tectonic mechanisms and related parameters with respect to the accu-
mulation of permanent forearc deformation along the western South American coast. Our previously compiled 
database of ∼2,000 elevation measurements of uplifted marine terraces affords a unique opportunity to analyze 
long-term coastal deformation since the last interglacial (∼125 kyr) at a continental scale. Spectral analysis of 
the uplift-rate signal and its correlation with selected tectonic parameters provides new insights into possible 
contributions of tectonic processes that act on different spatial and temporal scales. The available database also 
allowed us to test various mechanisms that might explain the continuous background uplift characterizing the 
coast of western South America. Our main findings are as follows:

1.  The uplift-rate signal along the western South American coast is characterized by a constant background signal 
(median: 0.225 mm/yr), which is perturbed by short-wavelength (∼20 km) to long-wavelength (∼850 km) 
variations.

2.  Similarities between the wavelength spectra of uplift rate and those of several tectonic signals suggest poten-
tial correlations: short-wavelength signals in uplift rate are primarily caused by the effects of local crustal 
faulting (22.5–66.2 km), while intermediate-wavelength to long-wavelength variations in uplift rate correlate 
with tectonic parameters indicating various extents of locked areas of the megathrust that are likely related 
to its long-term seismotectonic segmentation. The spectral correlation of terrace-uplift rates with cumulative 
coseismic displacements suggests accumulation of permanent deformation during individual seismic events, 
especially for major earthquakes with focal depths near the Moho.

3.  With respect to the continuous background signal of uplift revealed in our analysis, we did not find a direct 
link between interseismic and long-term coastal uplift at continental scale, even when crustal faulting is taken 
into account. However, coastal uplift resulting from major earthquakes near the Moho (M7–M8, ∼35–55-km 
depth) might explain the accumulation of anelastic deformation. Although records of such events are sparse, 
this mechanism is supported by a good spectral correlation of terrace-uplift rates and moderate coseismic uplift 
that reveals similar recurrence times for the last interglacial period according to current Gutenberg-Richter 
distributions.

4.  Since domain-C earthquakes do not affect coastal regions continuously, we propose that accumulation of 
permanent deformation arises from multiple, spatially distributed and temporally distinct phases of uplift that 
add up over millennial time scales.

5.  The application of our novel signal-analysis approach provides a useful tool to elucidate the mechanisms 
driving surface deformation at convergent margins at continental scale, with potential application to tectonic 
environments elsewhere.

Data Availability Statement
The terrace-elevation database used for the calculation of the uplift-rate signal is published in Freisleben 
et al. (2020). Topographic calculations and outputs were processed and elaborated in MATLAB ® using Topo-
Toolbox 2 (Schwanghart & Scherler, 2014).
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