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Abstract The role of upper-plate faulting in the seismic cycle of large megathrust earthquakes remains
poorly understood. We use quasi-dynamic numerical simulations of seismic cycles to analyze the interaction
between crustal faulting and the foreshock sequence of the 2014 Iquique (Mw 8.2) earthquake in Northern
Chile. Multi-cycle models incorporating upper-plate faulting align better with coseismic displacements,
replicating events akin to the Iquique earthquake. Upper-plate faulting significantly influences foreshock
seismicity and deformation patterns. By calibrating the average hydraulic state—varying the effective normal
stress—along the megathrust with pre-earthquake seismicity, we find that lower pore pressure ratios result in
more seismicity before the mainshock. This implies that the hydraulic state of the megathrust is critical for
foreshock activity. This comprehensive modeling approach underscores the importance of the mechanical
interplay between the megathrust and upper-plate faults in precursory sequences of large subduction zone
earthquakes.

Plain Language Summary Active upper-plate faults in subduction zones worldwide have shown
activity before, during, and after large earthquakes, suggesting a link with megathrust behavior. Advancing our
understanding of these mechanisms is essential for enhancing seismic hazard assessment. The 2014 Iquique
earthquake (Mw 8.2) in Northern Chile is probably the best-documented earthquake in terms of pre-earthquake
upper-plate activity, characterized by an intense foreshock sequence 15 days before the main event. Here, we
use numerical simulations of the seismic cycle over several thousand years to analyze the interaction between
crustal faulting and foreshocks preceding events like the 2014 Iquique earthquake. Upper-plate faults in our
models significantly influence the seismic activity prior to the mainshock and are key to explaining the geodetic
observations of coseismic displacements. Additionally, we find that the hydraulic state at the plate interface
strongly affects foreshock activity. This research highlights the importance of fault interactions and fluid
dynamics in the seismic cycles of subduction zones.

1. Introduction

Upper-plate faults are found above the seismogenic megathrusts in subduction zones worldwide (e.g., Barnes
et al., 2002; Melnick et al., 2009; Schurr et al., 2014; Wilson et al., 2006), with evidence of synchronized activity
between these fault systems, as observed before (Hayes et al., 2014; Schurr et al., 2014), during (Herman
et al., 2023; Melnick et al., 2012), and after large subduction zone earthquakes (Farias et al., 2011; Fukushima
et al., 2018; Kato et al., 2011). The mechanical coupling between the megathrust and offshore upper-plate faults
produces transient slip, leading to earthquake clustering and aseismic slip (Ruiz et al., 2014), and enhances
tsunami excitation in the outer wedge (Qiu & Barbot, 2022). However, the mechanisms controlling the triggering,
delay, and size of earthquakes among upper-plate faults fracturing the outer wedge are still poorly understood.
Dynamic models suggest that the permanent deformation of the upper plate accumulates over the seismic cycle
(Sathiakumar et al., 2020, 2024; van Dinther et al., 2014; van Zelst et al., 2022). This fault-related forearc
deformation can redistribute stress and pore fluid pressure (Wang et al., 2019), affecting megathrust dynamics.

On 1 April 2014, a magnitude (Mw) 8.1 megathrust earthquake struck the subduction zone in Northern Chile close
to Iquique (Figure 1a). The mainshock was preceded by a slow-slip event that began 8 months earlier (Socquet
etal., 2017) and was intensified by a sequence of foreshocks starting on 16 March 2014, with a Mw 6.7 event that
ruptured an offshore west-dipping upper plate fault (Bedford et al., 2015; Gonzélez et al., 2015; Ruiz et al., 2014;
Schurr et al., 2014; Soto et al., 2019) (Figures 1a and 1b). Pre-earthquake seismicity migrated toward the updip
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Figure 1. Tectonic setting, model structure, and forearc features. (a) Coseismic slip distribution of the 2014 Iquique earthquake (Schurr et al., 2014). GNSS-derived
displacements indicate consistent horizontal deformation toward the area of maximum slip (red vectors) and coastal subsidence (black vectors). The foreshock sequence

80
Distance from the trench (km)

(blue dots) increased after the occurrence of a Mw 6.7 upper-plate fault earthquake (orange star) 15 days before the mainshock. The foreshocks and the mainshock

epicenter (cyan star) surround the zone of maximum coseismic slip. (b) Top: Distributions of background (gray) and foreshock (blue) seismicity and locking degree.

Foreshocks in the histogram are filtered to show only those interpreted as interplate events. Center: Distributions of effective stress () and values of parameter L.

(c) White and blue dots are background and foreshock seismicity. Bottom: Distribution of parameters a and b, which frictionally segment the velocity-strengthening (VS)

and velocity-weakening (VW) behavior of the megathrust. The slab temperatures from our thermal model and the rocks at the plate interface are shown. Coastal
C. = Coastal Cordillera, Central D. = Central Depression. Upper-plate structure based on the works of Storch et al. (2021), Geersen et al. (2018), and Giambiagi

et al. (2022). The dashed line is the Moho discontinuity from Comte et al. (2016). White contours are isotherms from our temperature distribution. Gray triangles represent
the mesh of the viscoelastic domain. (d) The faults in red and brown are interpreted according to Storch et al. (2021), from which we also obtained the bathymetry and the

plate interface (li

ne S2021).
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portion of the locked region of the plate interface (Schurr et al., 2020; Socquet et al., 2017), suggesting a me-
chanical interaction between an offshore west-dipping fault at the eastern limit of the outer wedge and the
megathrust (Herman et al., 2016; Schurr et al., 2020). Decoupling and aseismic slip on the plate interface
following the seismic activity in the upper-plate (Gonzélez et al., 2015; Herman et al., 2016) may have driven the
northward migration of the foreshocks that culminated 15 days later with the large Mw 8.1 mainshock (Meng
et al., 2015; Ruiz et al., 2014). Nevertheless, unraveling the influence of hanging-wall structures on seismicity at
the plate interface remains a recondite problem.

Here, we use quasi-dynamic numerical simulations of multiple seismic cycles to examine the mechanical in-
teractions between a west-dipping offshore upper-plate fault and the megathrust, resembling the structural context
of the Iquique 2014 earthquake. We establish a two-dimensional modeling framework integrating geological and
geophysical data to assess the mechanical role of an active upper-plate fault in the initiation of large megathrust
earthquakes. We compare our models with seismic activity during the pre-seismic unrest phase of the Iquique
sequence and with geodetic data during the coseismic displacement. Our analysis suggests that an offshore west-
dipping upper-plate fault influences the precursory phase of megathrust earthquakes, where a reduction in pore
pressure ratio within the seismogenic zone drives foreshock activity.

2. Data and Methods
2.1. Modeling Upper-Plate Fault and Megathrust Earthquake Cycles

We investigate how an offshore upper-plate fault influences megathrust earthquakes in Northern Chile, using 2D
quasi-dynamic models to assess its impact on rupture and precursory activity in subduction zones. We estimate
the evolution of slip-rate over time using UniCyclE (Barbot, 2018, 2020) and a slip-rate- and state-dependent
friction law under isothermal and isobaric conditions (Barbot, 2019a). We use the Slab2 model (Hayes
et al., 2018) to constrain the megathrust geometry. Foreshock seismicity 1 month before the Mw 8.1 Iquique
earthquake (Schurr et al., 2020), seismic line interpretations of the forearc structure (Storch et al., 2021), and the
preferred orientation of nodal planes from the Mw 6.7 earthquake (Herman et al., 2016; Schurr et al., 2020)
delineate the offshore fault (Figure 1c, Supplementary Figure 4 in Supporting Information S1). We determine the
temperature distribution using a finite element method (Araya et al., 2023), considering a stratified continental
plate with constant thermal properties. Further model details are given in Supplementary Materials S1 to S4 in
Supporting Information S1.

We infer the distribution of frictional parameters at the plate interface in Northern Chile based on geological and
geophysical data. Our cross-section at 20°S incorporates subduction zone features by integrating seismic to-
mography, reflection profiles (Comte et al., 2016; Geersen et al., 2018; Sallares & Ranero, 2005; Storch
et al., 2021), foreshock seismicity before the Mw 8.1 Iquique earthquake (Schurr et al., 2020), geodetic locking
models (Jolivet et al., 2020; Li et al., 2015), and a new thermal model (Figure 1b, Supplementary Material S4 in
Supporting Information S1). The Northern Chile subduction zone has a thin sedimentary layer resulting in a
narrow frontal accretionary prism of 5-30 km in the outer wedge (Geersen et al., 2018; Maksymowicz
et al., 2018) (Figure 1c). Seismicity (Schurr et al., 2020; Sippl et al., 2023; Soto et al., 2019) and locking models
(Jolivet et al., 2020; Li et al., 2015) indicate frictional instability along the megathrust from 17 to 60 km depth.
The outer wedge shows intense faulting and high Vp/Vs ratios, suggesting a high-fluid zone (Petersen et al., 2021,
Figure 1d).

Seismic wave profiles show a lack of sediments in the trench, indicating that the oceanic plate is interacting
directly with the upper plate, with the frictional contact dominated by basaltic rocks (Geersen et al., 2015)
(Figure 1b). We use the mean a and b values controlling the direct and steady-state velocity dependence of friction
(Supplementary Material S1 in Supporting Information S1, Equation 1) from laboratory experiments on basalt
gouges (Zhang et al., 2017) (Figure 1b), defining a velocity-strengthening region below the outer wedge
(<100°C) and a velocity-weakening domain between the inner wedge and the Coastal Cordillera (100°C-300°C,
Figures 1b and 1c). At greater depths, seismic wave Vp/Vs ratios indicate serpentinization in the cold mantle
wedge (Comte et al., 2016). Therefore, we assume that serpentinites control the frictional behavior at that depth
and take the frictional parameters a and b from laboratory experiments on lizardite and antigorite (D. E. Moore &
Lockner, 2011; Okazaki & Katayama, 2015; Takahashi et al., 2011). The steady-state velocity-strengthening
behavior of serpentinites at temperatures below 450°C (Figures 1b and 1c) is consistent with the transition
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from high locking degree areas (>0.5), and with the end of the background seismicity (Figure 1b). Frictional
parameters are summarized in Supplementary Material Table 2 in Supporting Information S1.

We compute the effective normal stress (Figure 1b) & = (1 — 1)o,, assuming an average background pore fluid
pressure ratio 4 = 0.825. This value closely aligns with the mean value explaining strain rates observed in the rock
fabrics in paleo-subduction zones, ranging between brittle creep and solution precipitation creep as deformation
mechanisms (Oncken et al., 2021). The outer and inner wedge regions exhibit background and foreshock seis-
micity, indicating a highly fractured environment (Herman et al., 2016; Soto et al., 2019; Storch et al., 2021,
Figure 1d), with densities consistent with a mafic composition (Sallares & Ranero, 2005; Tassara & Echaur-
ren, 2012). Sedimentary sequences are primarily confined to the poorly developed frontal accretionary prism and
the slope of the forearc wedge (Geersen et al., 2018). We infer that the offshore upper-plate fault associated with
the foreshock sequence, cut through upper crust mafic rocks. The minimum depth of seismicity indicates velocity
weakening from 5 km depth. We assume the same a and b values as those used for the seismogenic megathrust
(Figure 1b), ignoring the narrow sedimentary cover beneath the middle and lower slopes. The characteristic slip
distance L, representing the slip needed to return to steady state after a velocity perturbation (Rice, 1993), is
chosen (Figure 1b) to resolve nucleation size and capture simulated seismicity on both faults.

3. Results and Discussion
3.1. Slip Mechanisms

We consider two end-member simulations. The first model (M1, Figure 2a) assumes that the megathrust is the
only active fault, while the second model (M2, Figures 1d-2b) also incorporates an active west-dipping offshore
upper-plate fault. For the megathrust, the loading rate V; = 67 mm/yr comes from the relative convergence
velocity (Figure 1a). For the upper plate fault, we assume that this structure accommodates 20% of the local plate
convergence (Sathiakumar et al., 2020), resulting in V; = 13.4 mm/yr. Due to modeling constraints, we assume
that the offshore west-dipping upper-plate fault has reverse kinematics throughout the subduction seismic cycle.
Although dynamic models (Herrera et al., 2023) and Coulomb wedge theory (Wang et al., 2019; Wang &
Hu, 2006) suggest that normal faulting can occur on westward-dipping structures during the coseismic phase, we
focus on the latter part of the interseismic phase preceding Iquique-like earthquakes, where a reverse mechanism
is expected, as evidenced by the Mw 6.7 upper-plate event on 15 March 2014. Each simulation spans 5,000 years,
excluding the first 3,000 years to reduce the influence of initial conditions.

In both M1 and M2 simulations, the seismic cycles exhibit a series of earthquakes with different rupture lengths
(Figure 2). Full ruptures extend from the down-dip limit of the seismogenic zone up to the trench, while partial
ruptures occur at the upper and lower parts of the velocity weakening region (Figures 2a and 2b). Each partial
earthquake is followed by a sequence of aftershocks located at the tip of each rupture, which then cascade into a
new event, leading to a precursory phase for another earthquake (Figures 2a and 2b). The upper portion of the
megathrust seismogenic zone experiences extended periods of acceleration, which in some cases can be classified
as slow-slip events (1078< V <1077 m/s), lasting decades before a new partial earthquake occurs (Figures 2a and
2b). This acceleration is accompanied by either pulse-like (Figure 2a) or progressive (Figure 2b) unlocking of the
velocity-weakening segment, generated by the differences of prescribed convergence rate above the intersection
between both faults. The down-dip area is characterized by intense seismicity, represented by foreshock se-
quences lasting hundreds of years, which limit the size of subsequent down-dip partial ruptures (Figures 2a
and 2b).

In simulation M1, a supercycle of partial and full ruptures lasts about 800 years (Figure 2a), while in M2, the
duration spans around 750 years (Figure 2b). To determine the magnitude of these events, we employ a scaling
law that correlates the maximum coseismic slip (MCS) with Mw (Brengman et al., 2019). We recover the
maximum slip of each event reaching a slip rate greater than 1 mm/s (Figures 2a and 2b). For M1 and M2, the
MCS of full ruptures reaches maximum values of 54.9 and 52.2 m, respectively. We then apply (Brengman
et al., 2019):

M,, =6.3574 + 1.5439 log(MCS) (1

As a result, a Mw 9 is obtained for both cases, consistent with estimates of the magnitude of the last giant
earthquake in 1877 (Mw > 8.5) (Vigny & Klein, 2022). For the updip partial earthquakes, the rupture process
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Figure 2. Slip-rate over time and rupture styles during a 1,500-year of seismic cycle. (a) Supercycle of full and partial ruptures for M1. Yellow lines represent a
megathrust earthquake. White lines are the limits of the velocity weakening (VW) region defined in Figure 1b. The supercycle lasts 800 years. Full ruptures are the ones
that break from the trench up to the down-dip velocity strengthening (VS) area. Partial ruptures break a portion of the velocity-weakening region and can be nucleated at
the updip or down-dip limit within the seismogenic zone. (b) Same as in (a) but for M2. The lower panel of (b) presents the evolution of slip-rate in the upper-plate fault
at the same time as in the megathrust. (c) and (d) describe the slip-rate and seismic activity 16 days before each mainshock, while (e) and (f) show the same but 2 hr
before the main rupture.

initiates at the updip limit of the foreshock activity (Figures 2e and 2f) and then propagates up to the boundary of
the velocity-strengthening region and down to a point within the seismogenic zone (Figures 2e and 2f), resem-
bling the Mw 8.1 Iquique earthquake. Both the updip and down-dip foreshock sequences are accompanied by
aseismic slip, accelerating the fault within the rupture length (Figures 2c—2f). Upon initiation, the earthquake
rupture front progresses toward the updip limit between the velocity-weakening and velocity-strengthening re-
gions, ultimately diffusing at this boundary (Figures 2e and 2f). Applying Equation 1, the maximum simulated
partial earthquakes in M1 reach MCS = 9.2 m and Mw 7.8, while in M2 MCS = 11.9 m and Mw 8.0 (Figures 3e
and 3f).

Both models exhibit similar rupture patterns (Figures 2a and 2b) that arise from the elevated Dieterich-Ruina-Rice
number R, (Barbot, 2019b) that controls the importance of non-local stress transfer and results from the frictional
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slips from the partial ruptures generated by the model along with afterslip of the best model.

configuration and the geometry of the system. In our modeling, the megathrust has a minimum value of
R, = 195.3 within the velocity weakening region, which is associated with down-dip and updip partial ruptures,
and full rupture of the seismogenic zone (Barbot, 2019b). In addition, M2 shows a clear influence of the upper-
plate fault on the precursory activity prior to the main partial rupture (Figures 2d and 2f), developing a combi-
nation of aseismic slip and foreshock seismicity at the megathrust weeks before the mainshock. Given the
assumed R, number, updip partial events in Northern Chile may be linked to the gouge composition at the plate
interface and to the length of the seismogenic zone, factors known to affect the rupture style and recurrence
patterns within the velocity-weakening region (Barbot, 2019b; Nie & Barbot, 2022).

Recurrence times scales with (b-a), &, and the length of the seismogenic zone (Veedu Mele & Barbot, 2016),
resulting in full length seismic ruptures that repeat approximately every 11 years for the upper-plate fault, with
MCS = 0.403 m and Mw 5.8. Since (b-a) and & are constrained by geological observations, to capture the full
spectrum of seismic activity will require smaller values of L (e.g., L < 1 mm), which will dramatically increase the
computational workload. As a result and having R, = 8.2, we are unable to capture the complete foreshock
sequence of low-amplitude seismicity observed before the Iquique mainshock (Figures 1c and 1d).

3.2. Surface Deformation

To verify our results with observations, we compute the root mean squared error (RMSE) between GNSS-derived
displacements (see Supplementary Material S5 in Supporting Information S1) and our modeling outputs in two
cases: first, comparing the coseismic displacement from the GNSS data with the simulated surface deformation
(RMSE;ygs Figures 3e and 3f); and second, assessing the combined difference between GNSS data plus
coseismic slip (Duputel et al., 2015; Schurr et al., 2014) against the same model results (RMSE Figures 3e and
3f). In both cases, M2 exhibits a better fit to the data than M1 (Figure 3), suggesting that Iquique-like events are
better explained when an offshore upper-plate fault is active and mechanically coupled with the megathrust.

M1 generates two families of partial ruptures: the first with no more than 0.5 m of surface displacements in the
east and vertical components; and the second with larger deformation reaching 2 m of westward motion and 1.5 m
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Figure 4. Foreshock seismicity and conceptual model. (a) to (d) correspond to the catalog of Sippl et al. (2023). The purple box represents the area at which we select the
seismicity for the cross sections in (b) and (d). (e) foreshock seismicity is normalized for the total number of events before each mainshock. (f) illustrates a schematic
representation of the short-wavelength perturbation that best represents the observations. (g) Depicts a conceptual model of the hydraulic relationship between the
offshore upper-plate fault and the megathrust. Pink and orange circles are precursory seismicity prior to the mainshock (red star).

of coseismic uplift offshore, along with 1.25 m of subsidence near the coast (Figures 3a and 3c). The
RMSE; = 2.51 m with a maximum slip of 9.2 m (Figure 3e).

M2 also exhibits two families of partial ruptures. Larger events reach a maximum of 2.5 and 3 m of offshore uplift
and westward motion respectively, with coastal subsidence of 1.9 m. The event with the lowest RMSE - (blue line
Figures 3b—3d and 3f) shows 0.8 m of westward motion and offshore uplift, with coastal subsidence of 0.7 m
(Figures 3b and 3d). The coseismic slip has a maximum of 5 m, which is the same value obtained by Schurr
et al. (2014), but lower than the 13 m estimated by Duputel et al. (2015) (Figure 3f). The afterslip is confined
below 60 km depth (Figure 3f), as observed with geodetic data for the Iquique earthquake (Itoh et al., 2023).
In M2, the event with maximum coseismic slip is close to the results obtained by Duputel et al. (2015) and has a
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Mw closer to the 2014 Iquique earthquake. Also, it reproduces better the position of the rupture termination close
to 100 km from the trench (Figure 3f).

3.3. Precursory Activity and Changes in Effective Normal Stress

Since M2 can better explain surface deformation and precursory activity prior to updip partial ruptures, we use it
to explore the role of pore-fluid pressure on the development of seismicity. Foreshock activity on the plate
interface may have been triggered by seismic unrest in the upper plate (e.g., Schurr et al., 2020). A sudden in-
crease in seismicity in the upper plate observed months before the mainshock (Figures 4a—4d) suggests the
causative role of fluids. To test this hypothesis, we explore how changes in pore-fluid pressure control the dis-
tribution of seismicity during this period. We compute the moment magnitude of each simulated foreshock
(Figure 2f) and obtain the normalized cumulative seismicity 1 month before the mainshock. We then compare this
to the foreshock seismicity observed in the same period before the Iquique event (Mw > 3, Figure 4e). We
consider a realistic distribution of pore fluid pressure based on thermodynamic calculations (Condit et al., 2020,
Supplementary Figure 3 in Supporting Information S1). Our results show that when pore fluid pressure pertur-
bations decrease, the frequency and timing of foreshocks increase (Figure 4e). A decrease in pore fluid pressure
leads to an increase in ¢ and thus in R,. Nucleation size decrease, leading to an enhancement in smaller ruptures.

We suggest that the hydraulic state, prior to an updip partial rupture, is controlled by focused fluid flow from the
megathrust up to the upper-plate (Figures 4f and 4g, e.g., Sun et al., 2020). Mineral vein growth (e.g., Fager-
eng, 2011; Fagereng & Harris, 2014), solution-precipitation creep (e.g., Brantut et al., 2011; Rowe et al., 2011;
Vannucchi & Leoni, 2007), pressure solution and fault healing (e.g., Gratier et al., 2013, 2014), fluid-
pressurization (e.g., Taetz et al., 2017; French & Condit, 2019; Tarling et al., 2019), and fault valving (e.g.,
Sibson, 1992; Zhu et al., 2020), highlight the role of pore fluid pressure evolution with time. While we assumed a
constant distribution of & over time in our model, preventing us from accounting for these mechanisms in detail,
our approach is a first step in identifying that, at a first-order level, down-dip gradients in pore fluid pressure are
necessary to generate the observed foreshock pattern and upper plate activation.

4. Conclusions

Using quasi-dynamic numerical models of the Northern Chile subduction zone, our study reveals the complex
interplay between slip mechanisms driven by the interaction of the megathrust with west-dipping upper-plate
faults located offshore, between the inner and outer wedge. Both full and partial ruptures exhibit distinct pre-
cursory phases characterized by foreshock seismicity and aseismic slip, followed by intense aftershock se-
quences. While the occurrence of updip partial ruptures like the Iquique 2014 event is not directly influenced by
upper-plate faulting, their presence significantly impacts the rate of foreshock seismicity and surface deformation
patterns. Models integrating offshore upper-plate faults show better alignment with observed data, particularly in
replicating events akin to the Iquique earthquake, underscoring the mechanical interaction between these
structures and the megathrust. Furthermore, our exploration of changes in effective normal stress along the
subduction zone demonstrates that lower pore fluid pressure increases foreshock activity before partial ruptures,
providing valuable insights into the mean hydraulic state within the megathrust, which governs the initiation of
seismicity culminating in large earthquakes. This study highlights the critical role of comprehensive modeling in
understanding fault interactions and their role in generating precursory activity, such as foreshocks, and em-
phasizes the importance of fluid-rock interactions during the later stages of the interseismic phase in megathrust
seismic cycles.
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