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Abstract 9 

Along-strike seismotectonic behavior of subduction megathrusts feeds back into the forearc 10 
deformation as elastic and permanent deformation. However, whether and how short-term 11 
elastic deformation reflects long-term permanent deformation in the forearc and shapes the 12 
coastal region remains unclear. To evaluate the forearc deformation, we analyze the 13 
interseismic surface deformation obtained from six years of Sentinel-1 InSAR time series along 14 
the North Chilean Forearc (between 21.5°S to 26°S latitude), a hyperarid region where erosional 15 
processes masking topographic signals are minimized. To assess the conversion of interseismic 16 
vertical deformation into permanent deformation, we examine the spatial correlation between 17 
geodetic (short-term) vertical deformation and geomorphic (long-term) uplift markers and 18 
topography along the coast and Coastal Cordillera. Our findings reveal that the correlation 19 
between geodetic uplift rates and long-term uplift markers becomes neutral at the Mejillones 20 
Peninsula, suggesting localized tectonic activity. The Peninsula also separates two distinct 21 
seismotectonic segments with differing deformation patterns in the North and South. In the 22 
Northern segment, correlations and anticorrelations between geodetic uplift rates and 23 
geomorphic features imply episodic uplift, while upper plate faults exhibit less strain 24 
accumulation compared to the Southern segment and the Peninsula. The correlation variation 25 
may result from short-term, short-wavelength processes, while the consistently positive 26 
correlations with topography likely reflect long-term, long-wavelength deformation, 27 
overshadowing seismic-cycle short-wavelength deformation. 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

mailto:ehsan.kosari@gfz-potsdam.de


 
 
non-peer reviewed preprint   

2 
 

1 Introduction: 36 

The dynamics of stress buildup and release govern the subduction seismic cycle (e.g., Savage, 37 
1983) and cause elastic, viscoelastic, and permanent deformation in the upper plate (e.g., Wang 38 
et al., 2012; Baker et al., 2013; Kosari et al., 2023). As tectonic plates converge, the subducting 39 
plate descends beneath the upper plate, creating frictional resistance along the interface. This 40 
friction accumulates stress in locked zones (i.e., asperities; Lay and Kanamori, 1981) that 41 
steadily increase during the interseismic period, while adjacent areas experience gradual 42 
deformation. This cycle squeezes and stretches the upper plate primarily elastically, causing 43 
temporary uplift or subsidence (Figure 1a). Many seismic cycles may lead to some lasting 44 
changes in the upper plate (i.e., permanent deformation, e.g., Saillard et al., 2009; Melnick, 45 
2016), manifested as crustal thickening and topography.  46 

The whole slip spectrum of a seismic cycle occurring on the subduction interface (megathrust) 47 
plays a crucial role in vertical surface deformation, influenced by processes such as erosion and 48 
deep geological activities. In a homogenous medium, the amplitude and spatial extent of surface 49 
deformation depend on the rate vector of slip/backslip, particularly towards the down-dip end 50 
of the megathrust (e.g., Avouac, 2015). For short timescales (Figure 1b), coseismic surface 51 
displacements and interseismic surface deformation rates (Figure 1a) have been analyzed to 52 
determine the distribution of slip and slip deficit along the megathrust to locate asperities and 53 
assess their seismic potential (e.g., Moreno et al., 2010; Loveless and Meade; 2011). On the 54 
longer timescales, morphotectonic features are formed over hundreds of thousands of years 55 
(Figure1b) and have been suggested as a proxy to infer the distribution of slip and locking along 56 
megathrusts (e.g., Saillard et al., 2017; Malatesta et al., 2021). Forearc basins, often associated 57 
with locked regions and megathrust earthquakes, show gravity and topography anomalies (Song 58 
and Simons, 2003; Wells et al., 2003) that indicate patterns of long-term subsidence over 59 
multiple seismic cycles (e.g., Kosari et al., 2022a). Moving toward the shoreline, the edge of 60 
the continental shelf generally corresponds with the lower boundary of fully locked megathrust 61 
segments (e.g., Malatesta et al., 2021). In the coastal region, marine terraces provide records of 62 
Quaternary uplift rates that can be correlated with interseismic uplift rates (e.g., Saillard et al., 63 
2017; Jolivet et al., 2020). 64 

The correlation between short-term elastic deformation and long-term permanent deformation 65 
is often interpreted as an expression of the unbalanced nature of the earthquake deformation 66 
cycle. Recent advances in tectonic geodesy (Figure 1b) enable us to monitor decades-long 67 
surface deformation. Radar interferometric (InSAR) observations provide high-resolution 68 
surface deformation maps that can be combined with pointwise, accurate positioning of the 69 
Global Navigation Satellite System (GNSS) to derive three-dimensional deformation rate 70 
patterns (Weiss et al., 2020; Metzger et al., 2021; Ou et al., 2022). These observations highlight 71 
the short-term adjustments in land elevation due to elastic strain accumulation and release 72 
during the seismic cycle. On longer timescales (Figure 1b) and multiple seismic cycles, 73 
geomorphological studies provide substantial insights into landscape evolution in response to 74 
tectonic uplift (e.g., Cattin and Avouac, 2000; Marshall and Anderson, 1995). Land uplift 75 
influences erosion rates and the reorganization of drainage networks over geologic time, 76 
shaping the dynamic response of landscapes (Kirby and Whipple et al., 2012). This long-term 77 
perspective reveals how topographic features such as wind gaps and river terraces reflect both 78 
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ongoing uplift processes and the cumulative effects of erosion and sediment transport. 79 
Integrating tectonic geodesy and geomorphological approaches allows untangling landscape 80 
dynamics across varying timescales (Figure 1b). While instrumental records provide precise 81 
measurements of short-term deformation, geomorphological archives extend our understanding 82 
over millennia, overcoming the limitations of shorter observational windows.  83 

To examine how interseismic deformation influences coastal landscapes, we analyze secular 84 
geodetic data on the coast and Coastal Cordillera of the hyperarid Atacama region in the North 85 
Chilean Forearc. The North Chilean subduction zone, characterized by a sediment-starved 86 
trench, is notable for its minimal along-strike climate gradient (e.g., Strecker et al., 2007), a 87 
well-documented historical and instrumental large earthquake (e.g., Ruiz and Madariaga, 88 
2018), distinct seismotectonic segmentations of the megathrust (e.g., Saillard et al., 2017), and 89 
active fault systems that run both parallel (Atacama fault system) and perpendicular to the 90 
trench (e.g., Victor et al., 2018; González et al., 2015). 91 

We tie displacement rates obtained from six years of Sentinel-1 InSAR time-series and two 92 
view directions to a uniform reference frame spanned by accurate positioning rates (Figure 1c-93 
d). We evaluate the correlation coefficient between ongoing deformation and topography. To 94 
assess the contribution of interseismic vertical deformation into permanent deformation along 95 
the coast and Coastal Cordillera, we examine the correlation between permanent uplift 96 
signatures (Figure 1e-h) from available uplifted marine terraces, coastal alluvial fans, 97 
topography, and river profiles. 98 

2 Data and Methodology 99 

2.1 Geodetic Surface Deformation and Strain Rates 100 

We use Persistent-scatterer interferometry to monitor surface deformation by analyzing the 101 
changes in phase-stable point targets (PS) over time. These PS exhibit consistent and strong 102 
reflectivity in Synthetic Aperture Radar (SAR) images acquired along the line-of-sight (LOS) 103 
of the satellite between 2015 and 2020. The PS time-series analysis allows the measurement of 104 
deformation rates with millimeter accuracy over hundreds of kilometers along the satellite's 105 
ground track. We use four descending and three ascending tracks of the Sentinel-1 satellite 106 
(Figure 1c-d) covering North Chile. The PS processing uses the Integrated Wide Area Processor 107 
(IWAP) of the German Space Agency (Rodriguez Gonzalez et al., 2013; Plattner et al., 2022), 108 
designed to handle large areas and detect large-scale deformation. Given the arid and sparsely 109 
vegetated nature of North Chile, the backscattered signal is highly coherent over time, allowing 110 
for effective use of PS measurements (De Zan et al., 2010). The interferometric phases are 111 
corrected for ionospheric effects, solid earth tides, and tropospheric delays using CODE 112 
ionospheric data, IERS 2010 convention for solid earth tides, and ECMWF ERA-5 weather 113 
data, sampled in 30 km and 1 hr (Cong 2014; Cong et al. 2018; Rodriguez Gonzalez et al., 114 
2018). These corrections allow for precisely calculating radar phase delays through the 115 
atmosphere and ionosphere. Following these corrections, the interferometric phase is 116 
unwrapped in time using base functions to account for deformation and residual topography 117 
components and then unwrapped in space for the remaining residuals (e.g., Plattner et al., 2022 118 
and therein).  119 
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Following the approach by Metzger et al. (2021) based on Ou et al. (2022), we transform all 120 
individual LOS rate maps with their respective stable reference points into the South America 121 
reference frame using published horizontal GNSS data (e.g., Métois et al., 2013; Hoffmann et 122 
al., 2018). Each rate map is adjusted to fit the stable South America reference frame (DeMets 123 
et al., 1994) by applying a linear ramp that minimizes the misfit to (1) the horizontal GNSS 124 
rates (collapsed into LOS) within a specified station search radius of ~ 5 km and (2) the along-125 
track radar-frame overlap. We, therefore, invert an over-determined design matrix weighted by 126 
the relative standard deviation of each data point in a search radius of ~ 5 km. The ascending 127 
and descending LOS observations can be decomposed into East and sub-vertical components 128 
(e.g., Fialko et al., 2001; Wright et al., 2004). The minor North component to which the right-129 
looking satellite is least sensitive (~10%) can be suppressed by subtracting interpolated GNSS 130 
North rates from the sub-vertical data (Ou et al., 2022). 131 

To compute strain rates, we employ a smoothing interpolator constrained by elasticity, which 132 
links the two horizontal velocity components (Sandwell & Wessel, 2016). The 2-D velocity is 133 
utilized to calculate the elasticity Green's functions and to compute the magnitude (second 134 
invariant) of the horizontal strain rate (Savage et al., 2001; Sandwell & Wessel, 2016). 135 

 136 

2.2 Geodetic Slip Inversion 137 

We apply a backslip model (Savage, 1983) to the ascending and descending InSAR rates and 138 
the GNSS rates to quantify the extent and amount of locking, respectively, secular slip along 139 
the plate interface. The backslip rate is constrained between 0 and 70 mm/a, representing freely 140 
slipping and fully locked areas, respectively. Kinematic fault locking is described as the fraction 141 
of plate convergence, ranging from 65mm/a to 75mm/a (e.g., Angermann et al., 1999; 142 
Norabuena et al., 1998), not accommodated by interseismic slip, which is calculated by dividing 143 
the estimated backslip rate by the plate convergence rate. Consequently, the locking degree 144 
ranges from 0% for areas where plate convergence is accommodated by free slip to 100% for 145 
areas of full locking. The plate interface is represented by the SLAB2.0 model (Hayes, 2018), 146 
discretized into triangular patches with a mean size of 10 km². The surface response on the slip 147 
on each patch is calculated by Green's functions of elastic dislocation in a half-space (Meade, 148 
2007; Nikhoo and Walter, 2015), with two slip unit vectors with a rake of 30 and 90 degrees 149 
per patch. These vectors limit the horizontal azimuthal motion of each patch. The inversion 150 
problem is formulated as a Tikhonov-damped, bounded, weighted least-squares problem (e.g., 151 
Moreno et al., 2018). 152 

 153 

2.3 Morphotectonic and Topographic Features 154 

2.3.1 Topographic and River profiles 155 

To compare geodetic vertical rates and topography, we use the 90m Space Shuttle Radar 156 
Topography (Farr et al. 2007) and extract 5-, 20-km-wide ~NS-profiles along the coast and 157 
the Coastal Cordillera, respectively.  158 

River profiles cutting through the Coastal Cordillera and coast serve as key indicators of the 159 
long-term geological evolution of the region. The drainage network provides insights into uplift 160 
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history and tectonic activity. Dating fluvial features in the Atacama Desert requires tracing their 161 
origins back to the Miocene period (e.g., Dunai et al., 2005; Nishiizumi et al., 2005). To draw 162 
river profiles using TopoToolbox (Schwanghart and Scherler, 2014), we first calculate the flow 163 
directions from a digital elevation model (DEM). We preprocess the DEM to carve outflow 164 
paths, ensuring that the flow direction network is well-defined and that pits or sinks are 165 
eliminated in the terrain. We then compute the flow accumulation grid, which indicates the 166 
drainage area in each DEM cell. Cells with higher flow accumulation values signify larger 167 
upstream flow, effectively identifying potential river channels. A stream network is created 168 
based on the flow direction. By defining a minimum contributing area, only cells with 169 
significant drainage are considered part of the stream network, thereby delineating the river 170 
network and filtering out minor tributaries. The final stream network is refined by retaining 171 
only the 50 largest connected stream networks, representing the main river networks, while less 172 
significant streams are discarded. 173 

 174 

2.3.2 Geomorphic Features  175 

2.3.2.1 Coastal Alluvial Fan Gradients  176 
We use the fan gradient (gf) as a geomorphometric marker to measure the correlation between 177 
along-strike variations of the geodetic vertical rates and the alluvial fan slopes (e.g., Giles, 178 
2010). The values for North Chile have been calculated by Walk et al. (2020) using an empirical 179 
relationship that relates the fan gradient to the catchment area (Ac), expressed as (gf = k Ac

-b), 180 
where k and b are empirically derived constants (e.g., Giles, 2010; Walk et al., 2020). In regions 181 
with high recent uplift rates, rivers transport large amounts of sediments quickly from 182 
mountainous areas to the lower-elevation plains or basins (e.g., Clubb et al., 2023). This results 183 
in higher fan gradients (gf) because the sediments are deposited more abruptly and over shorter 184 
distances where the rivers exit the mountainous terrain. The rapid deposition and steepening of 185 
the fan slope reflect the energetic processes driven by the high sediment supply and transport 186 
capacity. High uplift rates often create larger catchment areas as erosion carves out larger 187 
drainage basins. Larger catchment areas, combined with high sediment supply, further 188 
contribute to steeper fan gradients (gf) because more sediments are available for deposition over 189 
a broader area. In hyperarid North Chile with extremely low precipitation rates and gradients 190 
(e.g., Houston, 2006), sediment availability is minimal (e.g., Madella et al., 2016). Hence, a 191 
lack of sediment supply and fast uplift can lead to steeper fan gradients (gf) because the 192 
transported sediments are deposited quickly and locally, leading to steep slopes near the source 193 
areas.  194 

2.3.2.2 Marine Terraces 195 
Stair-cased marine terraces serve as dependable long-term records of historical sea-level 196 
highstands. Since current sea levels exceed those recorded since the early Pleistocene, any 197 
Pleistocene coastal feature above today's sea level indicates tectonic uplift (Lajoie, 1986). In 198 
North Chile, Pleistocene marine terraces formed in periods of relative seal-level highstand 199 
during interglacial and interstadial periods that coincided with the coastal uplift (e.g., Ortlieb et 200 
al., 1996; Martinod et al., 2016). The Quaternary oxygen-isotope curve, which distinguishes 201 
between warm and cold periods, shows that higher Quaternary Sea levels correlate with warmer 202 
periods, indicated by odd-numbered Marine Isotope Stages (MISs) (Lajoie, 1986; Shackleton 203 
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et al., 2003). The well-preserved MIS 5e terrace level, known for its lateral continuity and high 204 
preservation potential, has been extensively used as a marker for correlating uplifted coastal 205 
areas. MIS 5e marine terraces in North Chile exhibit a variable elevation pattern, reflecting 206 
spatiotemporally variable uplift rates along strike over the past million years. Here, we use the 207 
marine terrace elevations of the last interglacial calculated by Freisleben et al. (2021; refer to 208 
detailed analysis therein).  209 

 210 

Figure 1: (a) Seismotectonic scheme of a simplified subduction system and surface uplift over the 211 
seismic cycle. (b) Observational time window and deformation style measured by tectonic geodesy and 212 
tectonic geomorphology. (c) and (d) show ascending and descending line-of-sight (LOS) deformation 213 
rates, respectively. Each ground track (marked by polygons) is in its internal reference frame. The red 214 
dots indicate the GNSS stations used in this study. (e) Examples of uplifted marine traces in North Chile.  215 

 216 

2.4 Dataset Correlation analysis 217 

We calculate the strength and direction of linear correlation between short- and long-term 218 
records by the Pearson correlation coefficient. This is the ratio between the covariance of two 219 
datasets and the product of their standard deviations, calculated as spatial correlation using a 220 
moving window along the NS profiles. The coefficient ranges between -1 and 1, representing 221 
negative (anticorrelation) and positive (correlation) linear relationships, respectively. The 222 
sliding of the spatial moving window by a single data point allows us to observe how the 223 
correlation varies along strike and reduces the effect of single data points as the window slides 224 
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and recalculates the coefficient, providing insights into changes in the trend and pattern of the 225 
coefficients. Given that the datasets we are comparing have varying spatial resolutions, we 226 
downsample the higher-resolution dataset by averaging the values within a search radius of 227 
approximately 1-2 km. The length of the window is a trade-off between the length of the 228 
window and the number of data points. To maintain a constant data point count, the moving 229 
window length varies from ~50 to ~250 km. This length correlates well with the slip extent of 230 
large earthquakes in North Chile (e.g., Chlieh et al., 2004; Schurr et al., 2012 and 2014). 231 

3 Results and Interpretation 232 

3.1 Short-term interseismic deformation  233 

The East rate (Figure 2a) decays from high at the coast to low at the East and shows distinct 234 
along-strike variations North and South of the Mejillones Peninsula. From North to South, the 235 
East rate increases at -21.4°, where the 2020 Mw 6.2 Loa River earthquake occurred (Tassara 236 
et al., 2022), then decreases toward the South at -22.4°. Further South, the rate increases again, 237 
reaching a maximum between -24° and -26°.  238 

The vertical rates show minimum and maximum values of ~ -5.5 mm/a at Mejillones Peninsula 239 
and ~ + 5 mm/a at the Coastal Cordillera. The rate strongly correlates with latitude, hence, 240 
distance from the trench (Figure SI). On top of this first-order signal, the rates also vary along 241 
the strike in the coast and Coastal Cordillera (Figure 2b). In general, the Coastal Cordillera 242 
shows uplift, with some along-strike variations, reaching a maximum of ~ +5 mm/a between -243 
22.5° and -23°, where the East rate is at its minimum. Further South, the vertical rate increases 244 
to ~ +5 mm/a between latitudes -24° and -25° before gradually decreasing. Directly along the 245 
coastline, the vertical rate oscillates from mainly uplift (North of Mejillones Peninsula, between 246 
~ -21.5° and ~ -23°) to mainly subsidence in the South of the Peninsula (between ~ -23.5° and 247 
~ -26°). In the South of the Peninsula, the headlands experience subsidence, but this subsidence 248 
fades in the Bay. The Mejillones Peninsula exhibits the maximum subsidence of the whole 249 
study area.  250 

The Salar del Carmen, Paposo, and El Salado fault segments are the most prominent upper-251 
plate fault structures of the Atacama fault system (Figure 2b). East of the Mejillones Peninsula, 252 
the Cerro Fortuna segment, the Southern branch of the Salar del Carmen segment, correlates 253 
well with the uplift-to-subsidence transition, delineating the coastal subsidence zone. In the 254 
Southern segment, two branches of the Paposo fault – Bolfin-Jorgillo and Izcuna – mark the 255 
extent of the coastal subsidence zone between latitudes -24° and -25°. Additionally, a branch 256 
of the El Salado fault binds the subsidence in the headland. Our InSAR data do not cover the 257 
coast further South in two view angles to trace the limit of the subsiding region. However, there 258 
is no clear subsidence, except slightly around ~ -22°, in the coastal region North of the 259 
Mejillones Peninsula, nor a correlation between the change in vertical displacement rates and 260 
the Salar del Carmen fault. 261 

The geodetically derived locking of the plate interface shows that the locking is predominantly 262 
confined to depths between 20 and 40km. The locking pattern also exhibits along-strike changes 263 
(Figure 2c). Consistent with the geodetic rates, the locking distribution suggests different 264 
patterns North and South of the Mejillones Peninsula. The down-dip of maximum locking in 265 
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the Northern segment is shallower (i.e., offshore), while in the Southern part, it deepens and 266 
extends below the coastal line, except in the bay region. 267 

 268 

 269 

Figure 2: Decomposed East (a) and vertical (b) geodetic displacement rates relative to the stable South 270 
America reference frame. (c) Plate-interface locking map derived from the joint inversion of InSAR and 271 
GNSS observations. In all plots, contour lines represent the slab depth (SLAB 2.0 model; Hayes, 2018), 272 
and contour depths are labeled in panel (c). In (a) and (b), red lines indicate forearc faults, and in (c), 273 
mark uplift-subsidence hinge lines derived from vertical rates. The blacked dashed line indicates the 274 
extent of the Coastal Cordillera and Longitudinal Vally (Reutter et al., 2006). The seismicity catalog 275 
from the National Seismological Center of Chile (CSN 2013-2022) is plotted as dark red, resp. blue 276 
dots. LRC: Loa River Cluster; CF: Cerro Fortuna fault; B-J: Bolfin-Jorgillo fault; IZ: Izcuna fault. The 277 
arrow shows the location of the Loa River event and its aftershocks cluster.  278 

 279 

Although there are no significant changes in the displacement rate visible along mapped upper-280 
plate faults in the surface displacement rates, our residual LOS maps (Figure SI) and the strain 281 
rate map (second invariant of the strain; Figure 3) reveal that upper plate fault activity differs 282 
between the Northern and Southern segments. In the Northern segment, strain localizes only in 283 
the Cerro Fortuna segment and the northern termination of the Salar del Carmen segment on 284 
the Chomache fault. The Southern segment shows deformation concentrated in the Paposo and 285 
El Salado segments. On the Mejillones Peninsula, the strain rate map distinctly highlights the 286 
Cerro Moreno Fault (Eastern edge of the Peninsula) and the Mejillones Fault as two prominent 287 
lineaments. 288 

 289 

3.2 Short-term vs. long-term deformation  290 

The correlation between coastal topography and geodetic uplift rates (Figure 4a) is at its 291 
maximum in the latitudes between -20.5° and -22.5°. In this area, the geodetic vertical 292 
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displacement rates are predominantly positive, meaning the region is uplifting. This strong 293 
correlation indicates that regions with higher coastal topography are undergoing more uplift. 294 
Moving Southward, the correlation diminishes while the correlation increases once the data 295 
North of the Loa River (approximately latitude -21.5°) is excluded. The correlation decreases 296 
gradually when data from the Mejillones Peninsula is included, such that there is no correlation, 297 
as the spatial correlation window only includes data points from the Peninsula. This neutral 298 
correlation indicates that the topography and vertical displacement in this region seem to be 299 
decoupled, meaning that topography does not linearly depend on interseismic vertical 300 
displacement rates. Further Southward, by gradually excluding the data points of the Peninsula, 301 
the correlation reaches its peak. In the Coastal Cordillera (Figure SI), topography and geodetic 302 
uplift rates exhibit their highest correlation, where both topography and vertical displacement 303 
rates show their highest values in the Northern segment (latitudes -22°). From -22.5° to -23.5°, 304 
there is no correlation between datasets. Moving Southward, (around latitudes -24° to -26°), 305 
however, the correlation again increases.    306 

 307 

 308 

Figure 3: Strain rate map of the North Chilean Forearc. (a) The map depicts the strain accumulation 309 
along the Atacama Fault System, including, from North to South, Salar del Carmen, Mejillones, Paposo, 310 
and El Salado fault segments. The black and white dashed rectangles indicate the location of panels (a) 311 
and (b). The red lines represent the active faults of North Chile (Mittelstädt and Victor, 2020). Cho. F: 312 
Chomache Fault; For. F: Fortuna fault; Mej. F: Mejillones; Car. F: B-J: Bolfin-Jorgillo fault; IZ: Izcuna 313 
fault. 314 

 315 
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Coastal alluvial fans and marine terraces are proxies for uplift over shorter timescales compared 316 
to topographical changes (Figure 4b-c). The correlation coefficient between the elevation of 317 
marine terraces and interseismic vertical rates varies along the margin, demonstrating both 318 
correlation and anticorrelation (Figure 4b). In the Northern segment (latitude -20.5° to -22°), 319 
where geodetic uplift rates decrease towards the Mejillones Peninsula while marine terrace 320 
elevations increase, the datasets exhibit the highest anticorrelation. Excluding the data points 321 
around and North of Loa River shifts the high anticorrelation to a high correlation from -22° to 322 
-23. Including the data from the Mejillones Peninsula reduces the correlation and fluctuates the 323 
values, showing no linear relationship between marine terrace elevations and vertical 324 
displacement rates. The lack of correlation suggests that the elevations in the Peninsula are 325 
decoupled from the interseismic displacement rate, potentially due to localized tectonic activity 326 
such as faulting. Conversely, the anticorrelation is restored once the data points of the 327 
Mejillones Peninsula are excluded (from -23.8°) in the Southern segment, suggesting that 328 
higher marine terraces are associated with subsidence.  329 

In the Northern region, specifically between -20.5° and -21.5° latitude, the datasets show a 330 
slight anticorrelation, meaning that as the slope gradient of coastal alluvial fans increases, the 331 
vertical displacement rates tend to decrease slightly (Figure 4c). Moving Southward, from -332 
21.5° to -23° latitude, the datasets show a strong correlation by excluding the data North of Loa 333 
River. In this segment, an increase in slope gradient corresponds with a rise in vertical 334 
displacement rates, implying that areas with steeper slopes are associated with higher uplift 335 
rates. There is a data gap in the Mejillones Peninsula. However, in the Southern segment (from 336 
-24° latitude), the correlation between these two datasets diminishes, suggesting no linear 337 
relationship between interseismic vertical displacement rates and the slope of the coastal 338 
alluvial fans. 339 

The river profiles reflect the cumulative uplift of different tectonic processes, including 340 
earthquake cycle deformation (refer to section 4.3 for discussion). While the river profiles 341 
(Figure 5a) in the Northern segment rarely (e.g., Loa River) cut through the Coastal Cordillera, 342 
they transverse the Coastal Cordillera in the Southern segments (Latitude -23.7° to -27.0°) and 343 
reach their outlet at the ocean. This allows us to check the lateral variation in the river profile 344 
(Figure 5b-c), where we have along-strike variation in geodetic rates and signs. Antofagasta 345 
River (Latitude: -23.7°) shows a concave profile except for the first 30-kilometer from the 346 
outlet, which shows a convex shape representation of a windgap. These profiles have gentler 347 
slopes compared to the rivers in the Bay and headland in the South. The river profiles in the 348 
bay show elevations, gradients, and shapes different from those of the Antofagasta River and 349 
adjacent headlands. The river profiles of the Bay area demonstrate a concave, steep, and 350 
upward-curving shape with significant elevation changes, particularly at short distances from 351 
the outlet. In the adjacent headlands, however, the river profiles show a concave shape, which 352 
is rather similar to the concave-shaped profile of Antofagasta River compared to the river 353 
profiles of the Bay. The elevation profiles are characterized by significant and consistent 354 
increases in elevation, extending across the entire distance.  355 

 356 
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 357 

Figure 4: The spatial correlation coefficients between geodetic vertical rates (gary dots) and (a) coastal 358 
region elevation, (b) Marine Terraces elevation, and (c) coastal alluvial fan slope gradients. The spatial 359 
correlation length (color-coded band) indicates the lateral extent of data points used to calculate the 360 
correlation. The approximate locations of Mejillones Peninsula and Loa River are marked on the panels. 361 
The horizontal brown lines indicate the extent of the earthquakes in North Chile (Ruiz and Madariaga, 362 
2018).  363 

4 Discussion and Conclusion  364 

4.1 Apparent discrepancy between short- and long-term dataset 365 

The differences between the millimeter-scale geodetic uplift rates (e.g., this study and Jolivet 366 
et al., 2020) and the submillimeter-scale uplift rates derived from geomorphic markers (e.g., 367 
Melnick, 2016; Freisleben et al., 2021) along the margin can be understood in the context of 368 
temporal aliasing, where the resolution and timescales over which each dataset averages the 369 
vertical rate significantly impact the observed values (e.g., Sadler et al., 1981). Geodesy 370 
measures decade-long uplift rates with high temporal resolution, capturing short-term variations 371 
in vertical displacement, including subsidence due to elastic strain accumulation. These 372 
observations reflect a snapshot of the interseismic phase of the seismic cycle, leading to higher 373 
and more variable uplift rates, as well as instances of subsidence where elastic deformation 374 
temporarily outpaces uplift.  375 

In contrast, geomorphic markers represent long-term geological records formed over millennia, 376 
integrating uplift over many seismic cycles. The geomorphic markers represent averaged rates, 377 
smoothing out decade-long variations and single subsidence events. As a result, marine traces 378 
and river profiles consistently show positive uplift values, reflecting the net uplift over extended 379 
periods, which incorporates both the interseismic uplift and the coseismic uplift that occurs 380 
during large earthquakes (e.g., Pedoja et al., 2014; Malatesta et al., 2022). The "aliasing effect" 381 
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may explain why geodesy may show higher, more variable uplift rates and subsidence, while 382 
marine traces indicate a more consistent but lower uplift rate over longer timescales. 383 

 384 

 385 

Figure 5: (a) Geological rock types (Gómez et al., 2019) overlaid by faults (dark red lines) and drainages 386 
(blue lines). The black lines indicate the river profiles highlighted (with different colors) in panel (b). 387 
Slab 40, 60, and 80 km contours are marked by yellow lines (b) Geodetic uplift rates in the Southern 388 
part of our study area, overlaid by faults (dark red lines) and drainages (blue lines). Profiles of the green, 389 
yellow, and magenta streamlines are shown in the river elevation profiles in (c).  390 

 391 

4.2 Linking short-term observations to long-term records  392 

Integrating short-term interseismic deformation with long-term geomorphological and 393 
geological records provides a better understanding of the tectonic processes shaping the coastal 394 
region. The geodetic rates reveal distinct along-strike rate changes in the East and vertical 395 
components, delineating two segments separated by the Mejillones Peninsula (Figure 2). These 396 
short-term deformation patterns align variably with long-term features such as coastal alluvial 397 
fan slopes and marine terrace elevation changes (Figure 4). However, topography, as 398 
geological-timescale markers, shows a different correlation pattern with the interseismic 399 
vertical rates than geomorphological-timescale. This difference highlights the contribution of 400 
other controlling factors in topography.  401 

The correlation between geodetic vertical rates and geomorphic features, as well as topography, 402 
may reflect insights into the temporal and spatial dynamics of landscape evolution. Geomorphic 403 
features, which evolve on shorter timescales, are influenced by more rapid and localized 404 
processes subject to spatial variability, causing variations in uplift rate and sign. This variability 405 
may explain why the correlation between geodetic vertical rates and geomorphic features can 406 
be both positive and negative (anticorrelation). On the other hand, the correlation between 407 



 
 
non-peer reviewed preprint   

13 
 

geodetic vertical rates and topography is consistently positive, which can be attributed to the 408 
longer-term and more stable geological processes that shape long-wavelength deformation. The 409 
geodetic vertical rates show positive correlations with topography because areas of high relief 410 
are associated with a high geodetic uplift rate, and the areas with lower relief are associated 411 
with a low geodetic uplift rate or subsidence. This lack of anticorrelation in topographic profiles 412 
may suggest that while short-term localized subsidence occurs during the seismic cycle, they 413 
are overprinted by the larger-wavelength, long-term trends of tectonic uplift. 414 

Distinct patterns emerge regarding how the correlation between vertical displacement rates and 415 
geomorphic features changes across latitudes (Figure 4). In the Northern segment between 416 
latitudes -20.5° and -22°, there is an anticorrelation between vertical displacement rates and 417 
geomorphic features (coastal alluvial fans and marine terraces). This anticorrelation suggests 418 
that a strong interseismic contributes to controlling the long-term deformation of the coastal 419 
region. In contrast, as we approach the Mejillones Peninsula, the correlations neutralize, 420 
suggesting that tectonic processes in this region are more localized or that other processes have 421 
a higher contribution to the deformation of the coastal region. This neutralization of the 422 
correlation aligns well with the localization of strain along the active faults in the Peninsula. 423 
However, limited knowledge of the fault geometry at depth, along with potential changes in 424 
fault behavior during the megathrust seismic cycle (e.g., Shirzaei et al., 2012; Victor et al., 425 
2018; Kosari et al., 2022b), makes it challenging to exclude the role of faults in the short- and 426 
long-term deformation. Modeling is essential to uncover the impact of each major fault on 427 
surface displacement rates.  428 

The Peninsula seems to act as a transition zone where the surface processes and tectonic 429 
movements are less directly linked to the larger-scale patterns observed North of it. South of 430 
the Mejillones Peninsula, the correlations remain weak between vertical displacement rates and 431 
coastal alluvial fans but trend toward negative values between vertical displacement rates and 432 
marine terrace elevations. This implies that in the Southern part, the elevated terraces are linked 433 
to subsidence, though other factors primarily influence the coastal alluvial fans. The spatial 434 
distribution of projected extreme precipitation for the Northern and Southern parts of the 435 
Peninsula aligns with the correlation values for coastal alluvial fans. According to the climate 436 
model (precipitation >2mm) for recurrence intervals of 50 years for the region (Walk et al., 437 
2020), the Southern part is expected to receive significantly more precipitation than the North, 438 
ranging from 3 mm in the North to 63 mm in the South, highlighting the role of climate as a 439 
controlling factor.  440 

The correlation between the geodetic vertical rates and changes in coastal alluvial fan slopes 441 
and marine terrace elevations indicates consistent uplift over shorter (i.e., seismic cycle) 442 
timescales. However, where this relationship declines into anticorrelation suggests episodic or 443 
non-uniform uplift patterns. The anticorrelation between geodetic and long-term records can be 444 
interpreted as a correlation to the coseismic vertical deformation signal of the opposite sign. 445 
Some of the significant additional factors beyond seismic cycle deformation that may influence 446 
long-term landscape development are discussed in section 4.3. 447 

The down-dip limit of the high locking zone (Figure 2c) changes in the Northern and Southern 448 
segments, with the Mejillones Peninsula in the center. This impacts the elastic surface response 449 
as observed by geodesy. Assuming the locking remains stationary, the interseismic deformation 450 
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rates fingerprint the long-term deformation recorded in the morphological markers. The 451 
transition in high locking depth from the Northern to the Southern segments corresponds to 452 
varying uplift rates. The uplift rate is more pronounced along the coast in the Northern segment, 453 
where the high locking depth is shallower. In the Southern segment, the high locking depth is 454 
beneath the coastline, and the geodetic uplift rate correlates with the lower elevation and gentler 455 
slope of the Antofagasta River (Figure 5c). Moving Southward, the shallower high locking 456 
depths near the Bay (Figure 2c) are reflected in the highly concave, steep profiles of rivers in 457 
the bay area (Figure 5c). These rivers exhibit significant elevation changes over short distances, 458 
indicating more dynamic and possibly episodic uplift over longer timescales. In the adjacent 459 
headlands, again, the locking depth is beneath the coastline, and the subsidence correlates with 460 
the lower elevations and gentler slopes of the Antofagasta River.   461 

A non-steady long-term uplift rate has been suggested along the margin of North Chile, 462 
highlighting the influence of variable tectonic processes on marine terrace development (e.g., 463 
Melnick, 2016; Saillard et al., 2017; Freisleben et al., 2021). It has been suggested that uplift 464 
rates vary significantly over the Pleistocene, reflecting a non-steady interaction between 465 
tectonic processes and surface uplift. Our observed variations in uplift and subsidence patterns 466 
support these findings, suggesting that seismic-cycle episodic or non-uniform uplift rates are 467 
likely a common feature along the Chilean margin. Moreover, spatial variation in denudation 468 
rates in the Coastal and Western Cordilleras of Northern Chile suggest latitudinal variations in 469 
uplift rates along the margin (Starke et al., 2017) such that, in the North-South direction, the 470 
Coastal Cordillera denudation rates increase toward the South (from -20.5° to -22.5° latitude). 471 
Additionally, Jolivet et al. (2020) propose that interseismic loading of the subduction 472 
megathrust drives long-term uplift in Northern Chile. They suggest that areas of high long-term 473 
uplift correspond to regions of significant interseismic strain accumulation. Our results align 474 
with this hypothesis, as regions exhibiting short-term uplift/minimum subsidence correspond 475 
to areas of sustained long-term uplift (e.g., in the Bay region; Figure 5b-c), emphasizing the 476 
role of seismic cycle processes in shaping the long-term landscape. 477 

 478 

4.3 Other contributors to the short-term uplift signal 479 

4.3.1 Deep Sources   480 

Another process governing surface uplift is underplating, where materials are accreted to the 481 
upper plate from the subducting slab and the base of the upper plate, which can lead to long-482 
term (Ma-a) coastal topography (Clift and Hartley, 2007; Encinas et al., 2012). The vertical 483 
surface displacement rates caused by underplating may exceed 1 mm/a (e.g., Menant et al., 484 
2020). Also, underplating may show subsidence or uplift episodes depending on its evolution 485 
stage, making it difficult to discriminate the signal from the elastic vertical rates (e.g., Menant 486 
et al., 2020; Angiboust et al., 2021). As the vertical rate sign changes South of Mejillones 487 
Peninsula over a short distance, also since the sign of the interseismic vertical rates changes 488 
with distance from the trench, the predominant component of the surface deformation signal 489 
may source from the interseismic locking on the subduction interface along the coast.  490 

In the Coastal Cordillera, the wavelength of the observed uplift signal exceeds 100 km long- 491 
and 50 km across-strike (Figure 2b). This wavelength suggests a deep source near the plate 492 
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interface. In addition, a hybrid underplating regime has been suggested for North Chile as 493 
underplating occurs onshore forearc at a depth of 30-50 km, synchronous with tectonic erosion 494 
in offshore forearc (Clift and Hartley, 2007; Angiboust et al., 2021). The suggested depth of 495 
underplating for North Chile favors the observed uplift in the Coastal Cordillera, where two 496 
possible underplatings have been proposed at depths > 35 km in the latitude of the Mejillones 497 
Peninsula and latitude -22.30 (Parraguez Landaeta et al., 2023). This evidence suggests the 498 
contribution of the other components, with different wavelengths, in the uplift pattern and rates 499 
of the Coastal Cordillera.  500 

Long-term slip on deep, steep faults, such as the source of the Michilla 2007 event (e.g., 501 
Fuenzalida et al., 2013), may also contribute to the vertical motion of the Coastal Cordillera. 502 
Additionally, background seismicity associated with crustal thickening has been suggested to 503 
contribute to the uplift along active margins (e.g., Madella and Ehlers, 2021). A secondary zone 504 
of surface uplift, caused by coseismic events and afterslip, can also play a role in the uplift of 505 
the coast and Coastal Cordillera (e.g., Ragon and Simons, 2023; van Dinther et al., 2019). 506 
Despite their potential contribution, the predominant component of the ongoing surface signal 507 
in the coastal region remains the interseismic locking on the subduction interface. 508 

4.3.2 Upper plate fault effect  509 

The Cerro Fortuna, Bolfin-Jorgillo, and Izcuna fault segments also limit the extent of coastal 510 
subsidence (Figure 2b and 3), but to understand their role, a better examination of their slip 511 
types, dip directions, and displacement rates is essential. To contribute to coastal subsidence, 512 
the faults must exhibit either normal faulting on a westward dipping plane (as reported by 513 
Cembrano et al., 2005 for the Bolfin-Jorgillo fault), or reverse faulting on an eastward dipping 514 
plane. Conversely, it has been proposed that the Cerro Fortuna branch features a normal faulting 515 
component with an eastward dip direction (e.g., Victor et al., 2018). This orientation is less 516 
likely to produce a surface subsidence signal on its footwall in the vicinity of the Mejillones 517 
Peninsula, where the fault geometry does not support the observed subsidence patterns. 518 

Paleoseismology suggests potential Mw 6.5-7.0 events for the Southern segments of the Salar 519 
del Carmen and Mejillones Faults with much longer recurrence intervals than megathrust events 520 
(Cortés-Aranda et al., 2012; Ewiak et al., 2014). Our residual LOS maps (Figure SI) and strain 521 
map (Figure 3) reveal the strain concentration and surface displacement at the fault trace, 522 
supporting the activity of the Salar del Carmen and Mejillones faults. The absence of a 523 
detectable displacement signal in the Northern segment, except the Chomache fault segment 524 
(Figure 3a), does not necessarily imply inactivity; rather, it may indicate that our dataset lacks 525 
the North-south sensitivity needed to capture the displacement rate along certain faults. 526 
Additionally, any movement in the Northern segment might be subtle enough to distinguish it 527 
from the significant surface displacement caused by interseismic locking on the subduction 528 
interface. This indicates that the displacement due to locking on the subduction interface might 529 
overshadow the contributions from upper-plate faults, complicating their measurement. 530 
Alternatively, these faults may not consistently follow the typical earthquake cycle (Cortés-531 
Aranda et al., 2012), possibly being active only during specific portions of the cycle (e.g., 532 
González et al., 2021; Loveless et al., 2010; Victor et al., 2009). This complexity highlights the 533 
challenge of attributing surface deformation to a single cause. It is essential to employ modeling 534 
approaches to determine the effects of each major fault on surface displacement rates. 535 
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Seismotectonic laboratory experiments (e.g., Rosenau et al., 2009; Kosari et al., 2022b) suggest 536 
that the co-location of upper-plate faults with the surface transition from uplift to subsidence is 537 
plausible that these faults extend downwards to the down-dip end of the locking zone on the 538 
subduction interface. Such a configuration implies that these faults could be reactivated during 539 
seismic events, exhibiting different kinematic behaviors at various stages of the seismic cycle. 540 
During coseismic periods, these faults might exhibit normal mechanisms due to the sudden 541 
release of accumulated strain, leading to subsidence. In contrast, during interseismic periods, 542 
these faults might display reverse mechanisms as the region gradually accumulates strain, 543 
resulting in an uplift (Kosari et al., 2022b). This change in fault kinematics underscores the 544 
dynamic nature of fault behavior and its influence on surface deformation. The implications of 545 
this fault behavior are significant for understanding the long-term tectonic evolution of the 546 
region. The alternating extensional and compressional phases (e.g., Shirzaei et al., 2012) with 547 
a dominant sense of slip could contribute to the topography observed in the coastal region, with 548 
periods of subsidence followed by uplift. This mechanism could also explain the variability in 549 
short-term and long-term deformation patterns, as the fault system responds to the changing 550 
stress regime over multiple seismic cycles.  551 
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