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Megathrust roughness and structural complexity are thought to be significant controls on 

earthquake slip at subduction zones because they result in heterogeneity in shear strength 

and resolved stress. However, because active megathrust faults are difficult to observe, the 

causes and scales of complexity are largely unknown. Here, we measure the in-situ 

properties of the megathrust of the Middle America subduction zone in a 3-D seismic 

reflection volume to determine how fault properties vary. We quantify spatial variability in 

the megathrust roughness, overburden, and rock physical properties. Heterogeneity in the 

megathrust roughness exists at few-km length scales because the megathrust was dissected 

by active lower plate normal faults, which offset the megathrust and renewed fault 

roughness. Spatial variations in the rock physical properties at the plate interface are 

characterized by correlation length scales of hundreds of meters. Frontal prism taper, 

historical seismicity, and the variation in earthquake stress drop values local to the 

megathrust are all affected by the heterogeneity at these length scales. Both geometric and 

rheological complexities therefore control the mechanical behavior of the subduction plate 

interface, including earthquake rupture characteristics. 

 

Seismological and geodetic observations suggest that the slip on a fault driven by plate motions 

is spatially and temporally complex 1,2. When portions of faults rupture in earthquakes, rupture 

velocity, and slip durations and magnitudes within rupture areas vary spatially. Complexity is 

typically explained in terms of asperities on a fault, defined generally as high strength regions 

with elevated resolved stress3. Asperities are interpreted as frictionally strong or unstable areas 

that promote stick-slip type behavior and control the first order slip behavior of the fault3. High 



stress areas on a fault may arise stochastically as earthquakes redistribute stress when they 

rupture parts of a fault, but asperity development may also be due to spatial variations in the 

roughness of a fault and/or the physical properties of the rocks in the fault zone4. Fault roughness 

is parameterized as the magnitudes of the local gradients on a non-planar surface, or, 

equivalently, the heights of bumps or topographic highs. Roughness contributes to fault 

strength5, rupture complexity6, and the extent of propagation7,8, whereas the broad-scale 

geometry of a fault determines the tendency to creep or slip in great earthquakes9. Heterogeneity 

in properties such as friction, porosity, elastic moduli, and permeability should result in spatially 

variable effective stress field and slip behavior over the area of a megathrust10,11.  

 

Complexity is inherent to faults, but few data are available to determine the scales and 

magnitudes of variability in fault properties, the geologic controls on complexity, and how the 

resulting asperity population impacts earthquake rupture characteristics. In particular, 

measurements of fault properties over areas comparable to moderate to large earthquake ruptures 

(e.g. tens of kilometers) are extremely rare, so relating earthquake behavior to a specific fault 

attribute remains challenging. Instead, for subduction zones, the topography of the seafloor 

adjacent to a trench is often used as a proxy for megathrust roughness10. In this study, we use 3-

D seismic reflection data located offshore Central America to measure for the first time the in 

situ characteristics of a subduction megathrust that extends from the trench to seismogenic 

depths. The results describe the fault at the scales necessary to evaluate which aspects of the 

underlying fault structure determine the distribution and scales of asperities. 

 

Characteristics of the Central America Megathrust 

The 3-D attributes of the Central America subduction plate boundary megathrust were defined 

from a pre-stack depth-migrated seismic reflection volume collected in 2011 near the Osa 

Peninsula12-14 (Fig. 1). The volume is ~11 km-wide along-strike and extends to ~55 km landward 

of the trench. Here, we focus on the megathrust in the 30 km nearest to the trench, which images 

the fault to a maximum depth of around 6 km. Both vertical and horizontal resolution decrease 

with depth in the volume (see Methods). 

 



The megathrust forms a shallow-dipping, continuous seismic reflection defined by substantial 

changes in seismic impedance across the fault zone (Fig. 1, 2). Structurally, the megathrust 

reflection separates underthrusted sedimentary and volcanic rocks from an intensely deformed 

margin wedge13. The peak wavenumber of the megathrust reflection suggests that the fault zone 

is relatively thin at shallow depths (~5 m), and becomes progressively thicker with depth (up to 

>100 m), consistent with drilling results offshore Nicoya15 and exhumed systems16.  

 

The megathrust has substantial relief, with maximum roughness of up to ± ~500 m over the 

imaged region. Combined with the seafloor topography of the overlying wedge, these deviations 

cause the height of the lithostatic column above the fault to increase irregularly with distance 

from the trench (see contours in Fig. 1A). As a proxy for the normal stress resolved on the fault 

(average dip across the volume ~7°), this change in height suggests km-scale variability in 

resolved stress at a given depth.  

 

At shallow depths, portions of the reflection appear corrugated13 (Fig. 1A, 2A). Prominent 

corrugation axes are a few kilometers long with wavelengths of ~100-700 m and amplitudes of 

tens of meters. Corrugation axes trend 8-11° clockwise from the oblique convergence direction 

across the margin, close to the direction of the dip-slip component of the relative plate motions13. 

Along strike, at the same depth, corrugations are absent or only weakly developed13. 

Corrugations cannot be resolved deeper in the volume due to the reduced spatial resolution of the 

data with depth. However, we expect these features to be translated to greater depth by motion 

on the fault. 

 

Normal faults that formed in response to bending of the subducted oceanic plate disrupt the 

megathrust at various depths in the volume (Fig. 2). These normal faults are spaced every few 

kilometers in the megathrust dip direction and trend at an acute angle to the megathrust strike, 

parallel to plate-bending normal faults observed to offset the seafloor to the west of the volume 

(Fig. 1B). In multiple places normal faults cut the megathrust, which re-formed at a different 

structural level in response13. Abandoned segments of the megathrust that truncate against a 

normal fault can be identified above or below the re-formed and immature active megathrust 

(Fig. 2)17. The along-strike structure of the plate-bending normal faults includes bends and 



stepovers and the interaction between the normal faults and megathrust is geometrically complex 

in places. For example, at around 5-7 km landward of the trench, the dip of the megathrust 

increases across a pair of overlapping normal faults (Fig 1A). The megathrust has re-formed 

adjacent to the more southeasterly fault but not the northwesterly. Consequently, the more 

recently formed megathrust extends further up-dip on the southeast side of the volume. 

Approximately linear topographic highs in the region ~9-30 km from the trench correspond 

closely to horsts in the subducted plate formed by plate-bending faults, which indicate the 

normal faults distort the megathrust geometry at all observed depths.  

 

The roughness of the megathrust reflection increases as a power law function of the length scale 

of observation (Fig. 3). The scaling exponent to a power law fit through the calculated power 

spectral density roughness as a function of wavelength, known as the Hurst exponent, H, is < 1 

averaged over the horizon (see Methods). Overall, the roughness is consistent with m-scale 

observations of exhumed ancient faults18 (Extended Data Fig. 1). At length scales less than a few 

kilometers, the reflection is, on average, weakly anisotropic, with smoother profiles in the down-

dip direction (Fig. 3B). However, the dip- and strike-directions are indistinguishable at length 

scales greater than a few km (Fig. 3B, see also Extended Data Fig. 2) because H is greater in the 

dip direction (~0.7) than in the strike direction (~0.6). The length scale at which this isotropic 

geometry is attained is approximately the spacing between plate-bending normal faults at the 

edges of the ridges in the megathrust.  

 

Heterogeneity in megathrust properties 

Within the power-law scaling, heterogeneity in the roughness exists when areas of the fault with 

dimensions corresponding to the normal fault spacing are compared (Fig. 3B). This 

heterogeneity is most evident in the best-resolved portion of the data where the corrugated and 

weakly-corrugated sub-areas of the shallow megathrust are juxtaposed along strike. In both 

regions the megathrust is smoother parallel to the corrugations compared to perpendicular to the 

corrugations, consistent with the overall average behavior. However, the non-corrugated regions 

are rougher than the corrugated regions in both directions. As shown in Fig. 2A, the rough, 

weakly-corrugated geometry corresponds to the region where the megathrust recently reformed 

because it was offset by the southeasterly of the two overlapping normal faults described above. 



The more corrugated areas, which have not been offset, are more mature and represent a relative 

reduction in roughness, and a concomitant change in the surface geometry toward an anisotropic 

topography, suggesting they formed by wear during slip19. The roughness of a relict patch of the 

megathrust is intermediate between the corrugated and non-corrugated patches (Extended Data 

Fig. 3), implying that offset by normal faulting rather than slip-related megathrust roughness is 

the primary factor in determining when and where the megathrust is disrupted and abandoned. 

 

Compared to the adjacent seafloor, the megathrust is rough at length scales less than ~2 km (Fig. 

3B). Only the smoothest part of the fault, the corrugated patch aligned with slip, has similar 

roughness to the seafloor. These observations indicate the megathrust geometry approximates the 

seafloor at broad scales, but modification of the megathrust by deformation during slip and 

offsets across plate-bending normal faults roughen the megathrust compared to the seafloor. 

 

The amplitude of the active megathrust fault reflection varies from regions of strongly to weakly 

reversed polarity relative to the seafloor reflection, implying the physical properties of the rocks 

that control seismic impedance at the plate interface are variable12,20 (Fig. 3). Geostatistical 

analysis (see Methods) of the reflection amplitude variations shows they are described by a 

characteristic distance of ~300-600 m, beyond which separated values are no longer spatially 

correlated (defined by the separation distance, h, at which the data in Fig. 3D attain a constant 

value). The non-corrugated portions of the fault at shallow depth do not exhibit a correlation 

distance, so are nonstationary along the corrugation direction. Additionally, periodicity in the 

amplitudes within the corrugated areas shows the spatial distribution of amplitudes correlates 

with the development of the corrugation structures (Fig. 3D). 

 

Implications for fault mechanics  

Spatial variations in fault roughness, lithostatic load, and physical properties (pore pressure 

and/or elastic moduli) imply effective stress variability on the Costa Rica subduction plate 

interface. This spatial variability therefore defines asperities, which according to our results are 

defined by both geometry and physical properties.  

 



Where offsets across plate-bending normal faults forced the megathrust to propagate to a new 

position, the megathrust is rougher (Fig. 3B), and therefore stronger5, than more well-established 

smoother areas. The areas of rough megathrust between normal faults correspond directly to 

seismic asperities and have dimensions of around a few kilometers. Offsets across normal faults 

also roughen the megathrust at scales larger than the spacing between them by imposing relief 

onto the megathrust. This relief causes the measured roughness to be isotropic at length scales 

greater than the normal fault spacing. Normal-sense earthquakes commonly occur in the 

subducting slab beneath seismogenic subduction megathrusts 21,22, suggesting the processes 

documented here that affect megathrust roughness may be common to subduction margins. Due 

to the consistent spacing of the plate-bending faults, the dimensions of areas with different 

roughness are approximately similar within the volume. This similarity indicates a causative link 

between the thermal structure of the oceanic plate, which determines the elastic thickness and 

spacing of plate-bending normal faults, and seismicity patterns on the subduction interface.  

 

Juxtaposition of different lithologies with different competence and porosity or permeability can 

explain the spatial variation in mechanical properties inferred from the variable megathrust 

reflection amplitude. Heterogeneity in rock physical properties is the inevitable consequence of 

offsets observed across plate-bending normal faults and also imbrication within the plate 

boundary zone. Similar juxtaposition of accretionary wedge rocks against subducted sedimentary 

rocks and potentially basaltic crust is evident in map-scale distributions of lithologies within 

ancient subduction complexes23.  

 

Geomorphological and seismological characteristics of the subduction zone suggest that the 

asperities defined by our results control the mechanical behavior of the megathrust. The taper 

angle of the frontal prism is lower (~10.5-11.5°) where the megathrust is smooth and well-

corrugated, compared to where it is rougher (~12-14°) (Fig. 1C), indicating megathrust 

roughness contributes to long-term fault strength24. Historical records suggest the largest 

magnitude earthquake on this portion of the margin is approximately M725. Earthquake rupture 

propagation is restricted on rough faults because of the local variability in the resolved shear 

stress8. Roughening of the megathrust by plate-bending normal fault offsets may restrict rupture 

area, particularly limiting rupture propagation up-dip. The particularly shallow hypocentral depth 



of the 2002 Mw 6.4 Osa earthquake26 may also have resulted from the relatively rough 

megathrust.  

 

Source parameters of earthquakes local to the megathrust also show the effect of the observed 

megathrust geometry on earthquake slip (Fig. 4; see Methods for details). Stress drops vary 

widely for earthquakes with small dimension (less than a few hundred m in Fig. 4). Earthquakes 

with larger dimensions have a narrower range of stress drops for a given rupture dimension (Fig. 

4), indicating they are less sensitive to megathrust variability because they propagate through, 

and average-out the heterogeneity. Due to an uneven number of recordings at different corner 

frequencies, the stress drop populations shown in Fig. 4 should not be interpreted as a true 

measure of a dimension across which event populations are different. Differences in stress drop 

variability at small and large scales are consistent with the fractal geometry of the fault27. 

However, these two populations are separated by a dimension that corresponds closely to the 

characteristic length scales in the seismic reflection amplitude suggesting the stress drops are 

sensitive to the causes of variability in seismic impedance, likely pore pressure. Although the 

majority of the epicentral locations of the analyzed events are located down dip of the reflection 

volume, the asperities defined by both geometry and physical property variability described 

above must translate down dip over geologic time and so be present deeper in the system as well. 

We therefore postulate that the observed stress drops are primarily the result of rheological 

asperities within the megathrust system.  

 

These results provide new insight into the mechanics of earthquakes by defining how geological 

processes at the subduction interface lead to the development of a population of asperities, and 

thus stress conditions, that control seismic slip. The relatively small dimension of the asperities 

suggests that small scale variability in slip behavior of earthquakes may result from 

heterogeneity in fault properties, whereas variability between larger events may be due to rupture 

dynamics1. The causes and scales of structural complexity should be explored as a control on 

global variations in earthquake source parameters28. 
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Figures 

 
Figure 1. Characteristics of the megathrust. A. Perspective view of the megathrust with the upper 

plate cut away. Black lines are contours showing meters below sea floor (500 m intervals). 

Dashed white lines are megathrust - plate-bending normal fault (throw greater than ~100 m) 

intersections. Red dashed line indicates the extent of re-formed megathrust in the shallow part of 

the volume. The megathrust is relatively immature, down-dip of the line. B. Map showing the 

location of the seismic volume and earthquake epicenters of events shown in Fig. 4. White 

square shows the region from which seafloor roughness was calculated; dashed line shows trend 

of plate-bending normal faults cutting the seafloor. C. Wedge taper, seafloor slope and dip of 

megathrust calculated for each crossline in the inline direction averaged from the trench (x2675) 

to ~5 km from the trench (x3075 – shown in part a).  

  



 
Figure 2. Dissection of the megathrust by plate-bending normal faults. A. Crossline (trench 

parallel) section showing corrugated and non-corrugated regions of the megathrust (MT) 

separated by a plate bending normal fault (section location shown in Fig. 1A). B. Inline (trench 

perpendicular) section showing an example of the megathrust offset by normal fault at shallow 

depth. C. Inline showing a former MT horizon truncated against a plate-bending normal fault 

from deeper in the volume. For all sections, numbers at the top show reference inlines or 

crosslines through the volume, numbers one the left side show the depth below seafloor, and the 

horizontal scale is shown in the lower left. 

  



 
Figure 3. Analysis of the megathrust reflection. A. Fault topography. B. Power spectral density 

roughness calculated for the full megathrust, two sub-regions of the megathrust shown in A, and 

the seafloor adjacent to the trench. Solid lines are the dip direction for the overall fault dataset, 

the corrugation direction for n and c, and plate-bending normal fault strike direction for the 

seafloor region. Dashed lines are perpendicular to these reference directions in each case. C. 

Amplitude of the fault reflection. D. Experimental variogram normalized by dataset variance 

calculated for regions of the fault reflection amplitude field shown in C. Hollow symbols are 

down dip (middle, deep regions), or along corrugation axes (n, c). Filled symbols are 

perpendicular to these reference directions. 

  



 
Figure 4. Analysis of earthquake source parameters. A. Station-averaged corner frequency versus 

station-averaged seismic moment calculated for the earthquakes from the three catalogs. Events 

with corner frequencies greater than ~25 Hz were not analyzed due to signal:noise limitations. 

Error bars indicate 95% confidence intervals of each corner frequency estimate. B. Stress drop as 

a function of station-averaged source dimension for all earthquakes. Solid symbols correspond to 

events with corner frequency (fc) > 2.5 Hz, hollow symbols are events with fc < 2.5 Hz. 

Histogram to right shows distribution of Δσ in each group. 

  



Methods 

 

Seismic Reflection Volume  

 

We utilized the 3-D pre-stack Kirchoff migrated depth seismic reflection volume29 collected by 

the R/V Marcus G. Langseth and processed by CGG Veritas and Repsol between 2011 – 2013 12. 

The volume consists of ~12.5 x 18.75 m binned depth-converted seismograms with geologic 

imagery up to 10 km subseafloor across the outer shelf, slope and trench offshore the Osa 

Peninsula over an ~11 x 55 km2 area. The volume has a “thin-bed” vertical resolution30 that 

decreases with depth from ~5 m to ~125 m (assuming ¼ dominant wavelength resolvability31). 

Horizontal resolution decreases from the nominal ~12.5 x 18.75 m binning to ~100-300 m for the 

deepest parts of the megathrust (Extended Data Fig. 4).  

 

The megathrust is generally defined as the reflection that separates landward-dipping reflections 

of the accretionary wedge from sub-parallel reflections corresponding to subducted seafloor 

sedimentary rocks 13. However, when the megathrust changed its structural position adjacent to 

steeply dipping plate-bending faults, it moved upsection into the overlying accretionary wedge, 

cutting across landward-dipping reflections. At the locations where this happened, a relict 

megathrust is observed downsection from its original position, separating underthrusted, 

undeformed sediments from the accretionary wedge.  

 

Even with high fold and a highly tuned broadband seismic source, the resulting 3-D seismic 

imagery does not overcome the loss of high frequencies with outward wave propagation and 

increasing depth (Extended Data Fig. 4), resulting in increasing breadth of the recorded wavelet 
31. Because we focused on the geometry of the megathrust in 3-D (i.e., the top surface of the 

subducting plate), the horizontal and vertical resolution (i.e., megathrust positional changes in 

space that are detected by seismic imagery) is inversely proportional to the bandwidth of the 

frequency spectrum (i.e., tightness of the source pulse 30). With increasing depth, frequency 

bandwidth progressively loses the higher frequency components (Extended Data Fig. 4), 

resulting in decreasing megathrust resolvability. In the depth volume, this results in an increasing 

post-migration Fresnel zone (dominant wavenumber / 4; 32) with increasing depth (Extended 



Data Fig. 4), with Fresnel zone values ranging from ~5 meters near the trench to >90 meters at 

>5 km subseafloor.  

 

We performed post-stack processing to remove random noise and augment amplitude driven 

tracking. This processing included calculating iterative apparent dip (inline and crossline 

direction) volumetric calculations and performing subsequent median filtering with varying 

stepouts (inline and crossline direction) guided by preceding apparent dip calculations. By doing 

this process iteratively (i.e., by incrementally increasing stepout sizes (1x1, 2x2, etc.)), we 

empirically resolved the effects of stepout size on megathrust roughness (e.g., Extended Data 

Fig. 2). The significance of this smoothing changed with depth, effecting the shallow portion of 

the megathrust at scales ≤ 100 m, and the deeper portions at scales smaller than around a few 

hundred meters. The smoothing generally removes random noise or features below the resolution 

of the data without changing the geometry of features that are visually well-resolved. However, 

we use these values as limits on the highest-resolution geometry in the following analyses.  

 

Megathrust mapping efforts were performed within OpendTect v6.2.5. Mapping was done on 

dip-steered (i.e., apparent dip and dip direction guided) median filtered data and used an iterative 

workflow of interpreter picks and amplitude-driven auto tracking (helping us avoid inline / 

crossline horizon biases) constrained by a look window and acceptable amplitude threshold (% 

amplitude deviation from interpreter seed pick). The workflow is generally as follows: 1) load a 

designated subset of the reflection volume, 2) start / load megathrust horizon, 3) pick several 

seismogram megathrust locations, called seeds, 4) input allowed amplitude thresholds and look 

window (in depth), 5) 3-D auto-track outward from seed picks using the apparent dip volume to 

guide the look window, 6) QC results and delete errant portions of the horizon, 7) if results are 

egregiously errant or are too conservative, either change the look window or acceptable 

amplitude threshold, and 8) lock remaining seeds and repeat.   

 

Roughness Measurements 

 

We measured the roughness of the megathrust horizon by calculating the power spectral density 

(PSD) as a function of wavenumber from cross sections through the seismic reflection 



corresponding to the megathrust 18. The megathrust was extracted from the reflection volume as 

a series of regularly-spaced points with 3-dimensional coordinates. The points on the fault 

surface were transformed from 3-dimensional to 2-dimensional Z(X,Y)) by rotating the data so 

that Z was perpendicular to the mean plane through the entire dataset (Fig. 3A). PSD was 

calculated from discretized sections through the rotated data oriented in the inline and crossline 

directions and parallel and perpendicular to local corrugation axes, where present, as 

representative of the slip-parallel and slip-perpendicular directions. For each profile the height of 

the surface, z(x), was found and any linear trend removed. The PSD, the square of the modulus 

of the Fourier transform of the profile, was calculated as a function of wavenumber from a FFT 

of z(x). A cosine taper applied over 3% of the data minimized leakage. Results were averaged for 

thousands of strike-parallel and hundreds of dip-parallel profiles, and the resulting spectra 

converted to spatial length scale for use as a measure of the how much the fault deviates from a 

planar surface as a function of observation length scale. For each dataset and subset analyzed, 

PSD(λ) = Cλ(2H+1), where PSD is the average power spectral density (a measure of the deflection 

of the reflection from a planar surface) calculated at a length scale, λ, C is a constant, and H is 

the Hurst exponent. 

 

Waveform Analysis 

 

Here we use waveform data from September 1999 to November 1999 recorded by 5 short-period 

land stations (40 Hz sampling rate) and 12 broadband ocean bottom (OBS) stations (64 Hz and 

128 Hz sampling rates) from the CRSEIZE experiment (Extended Data Table 1).  The 

continuous data recorded part of the aftershock sequence following the Mw 6.9, 20 August 1999, 

Quepos earthquake that occurred on the plate boundary thrust fault along southern Costa Rica. 

 

Waveforms were sourced from three catalogs (Extended Data Fig. 5, Extended Data Table 1): 1. 

aftershocks from the M 6.9 mainshock (20/08/1999) recorded by the ocean bottom seismometer 

broadband stations (CRSEIZE ) relocated by 25; 2. aftershocks that occurred before the 

deployment of the CRSEIZE network recorded by land stations of the Costa Rican (SJS) and 

IRIS (JTS) networks; 3. earthquakes recorded by SJS and JTS networks that occurred between 



04/09/1996 and 23/09/1999, including a M 6.9 mainshock (20/08/1999) were also included to 

extend the observed magnitude range.  

 

Starting with a list of 259 relocated aftershocks (M 0.4 to M 3.6) taken from 25, we select the 188 

events with hypocenter relocations within 10 km of the plate boundary interface. In order to 

estimate seismic moments of the individual events, we cut the waveform data into 2 s window 

beginning 0.5 s before the respective P- and S-wave arrivals, and calculate the spectral amplitude 

using Thomson’s multi-taper method 33 by fitting the spectrum with the Brune spectral model 
34,35: 
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where Ω0 is the long-period spectral amplitude, f is the spectral frequency, fc is the corner 

frequency, n is the high-frequency fall-off rate, γ is a constant commonly set to 2 36, Q is the 

quality factor (set equal to 1000), and t is the travel time, calculated using the hypocenter 

relocation and the velocity model from 25. We then calculate the moment using the fitted Ω0 

values in the following: 
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where ρ (kg/m3) is the density, c (m/s) is the P- or S-wave speed at the depth of the hypocenter 

taken from the velocity model of 25, R is the distance from the event determined using the 

hypocenter relocation from 25, and Uϕθ is the mean radiation pattern of 0.52 for P waves and 0.63 

for S waves 37. 

 

Robust estimations of corner frequency require site and path effects (i.e., all non-source related 

effects) to be removed from the waveform data. We used a spectral ratio approach, which uses 

the ratio of small, co-located earthquake pairs recorded on a given station to cancel all non-

source related effects in frequency space, allowing for accurate estimations of the corner 



frequency from one, or both, events in the pair, depending on the frequency range of high signal-

to-noise ratio 38.  

 

Two earthquakes that are co-located, thus rupture the same patch of a fault, should have similar 

waveforms (Extended Data Fig. 6).  To find an event pair that is co-located (with an even more 

conservative estimation of co-location than given by hypocentral errors) we first select co-

located events pairs with cross-correlation coefficient larger than 0.7 39, and magnitude 

difference larger than 0.5. The latter requirement helps to identify event pairs with corner 

frequency values that differ enough to be resolved in the spectral ratio fitting.  We then model 

the spectral ratios at frequencies where the signal-to-noise ratio (SNR) for both earthquakes is 

above 3 over the frequency band, obtaining corner frequency estimates by fitting each individual 

spectral ratio using the analytical expression for the ratio of two spectra: 
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where Ω0r is the displacement amplitude spectral ratio, f is the frequency, fc1 and fc2 are the corner 

frequencies of the large and small earthquakes, n is the high-frequency fall-off (assumed equal to 

2), and γ is a constant that controls the shape of the curvature around the corner frequency 

(Extended Data Fig. 6). The values of n and γ are typically characteristic of a data set within a 

given region. We test both the Brune 34 model (γ = 1) and Boatwright 36 model (γ = 2), and use 

the sharper-cornered model from 36 because it gives a better fit to the majority of the spectral 

ratios, as also shown 40 in New Zealand. Due to the SNR > 3 requirement we were not able to 

resolve events with fc over ~25 Hz. 

 

Once we have estimated an initial fc1 using a least-squares fit, we vary fc1 by 0.2 Hz before and 

around the original value, using the new corner frequencies as fixed parameters to estimate 

confidence intervals in which the corner frequency values provide a misfit within 5% of the 

original fit 41. After calculating and plotting the normalized variance, we discard those couples 

with variance that do not form a parabola, and we take the fc1 with the minimum variance as final 



value 41. As the SNR > 3 requirement does not typically extend to frequencies of at least 10 Hz 

above the initial fc2 estimate in our data, we do not use the estimated fc2 value. 

 

No sufficiently similar event pairs in the dataset recorded by SJS and JTS networks that occurred 

between 04/09/1996 and 23/09/1999 were recorded with a signal-to-noise ratio > 3 over a wide 

frequency band, so source parameters were calculated from a single spectrum. Seismic moments 

(M0) calculated from single spectra, and corner frequencies (fc) calculated from the spectral ratio 

analysis are used as input to obtain stress drop values (Δσ) adopting the circular model of 

Eshelby 42: 
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and the source radius (r) from Madariaga 43 model:  
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where β is the shear wave velocity at the hypocentral depth 25 and k is 0.315 for P-waves and 

0.21 for S-waves. If one uses a different geometry (e.g., square rupture), the constant on the right 

side of equation (4) will change slightly, but is still on the order of unity, thus much smaller than 

the anticipated error in estimated stress drop.  

 

Because the CRSEIZE stations deployment took place approximately one month (between 

September 16th and September 26th, 1999) after the start of the seismic Osa seismic sequence, 

the mainshock and moderate aftershocks of M >4.2 were not recorded by the array. In order to 

obtain corner frequency estimates of some of the larger-magnitude aftershocks, we use 

waveform data from Red Sismologica Nacional de Costa Rica (RSN(UCR-ICE)); station SJS, 

doi:10.15517/TC) and the IRIS/IDA Seismic Network (station JTS; doi:10.7914/SN.II) to 

calculate spectral ratios for four aftershocks that occurred a few days after the 20 August 1999, 

Mw 6.9 mainshock (Extended Data Table 1). Due to the larger magnitudes, and thus the 

anticipated longer source-time functions (as moment is expected to scale with the cube of the 



duration), we cut the waveform data for these four events into 7 s windows beginning 0.5 s 

before the respective P- and S-wave arrivals. As for the smaller earthquakes, we calculate the 

seismic moment of these four events using Brune spectral fits (Equation 1) 34 to long-period 

amplitudes. Additionally, in order to investigate moment-corner frequency scaling over a broader 

range of magnitudes, we calculate source parameters for several M >3.5 earthquakes that 

occurred in the same region between September 1996 and September 1999. Because for these 

events we could not find co-located events pairs with cross-correlation coefficient larger than 0.7 

with the available seismic station coverage, we calculate corner frequencies (fc) from single 

spectra (Equation 1).  

 

In total, stress drop was calculated for 110 events with moments ranging from 4.0 x 1011 to 2.5 x 

1019 Nm. Earthquakes with corner frequencies, fc, >2.5 Hz and source dimensions less than a few 

hundred m have stress drops, Δσ, that vary by over 3 orders of magnitude (0.019 to 49 MPa, 

mean = 3.5 MPa, n = 90). Events with fc < 2.5 Hz and dimensions larger than a few hundred m 

have systematically higher Δσ with a spread of around 2 orders of magnitude (0.75 to 100 MPa, 

mean = 24 MPa, n = 20). These populations are statistically different to a 1% significance level. 

The threshold corner frequency between these populations was chosen from visual inspection of 

the data shown in Fig. 4. Due to an uneven number of recordings at different magnitudes, this 

threshold is intended to illustrate the difference between large and small events rather than as a 

true measure of a dimension across which event populations are different.  

 

Statistical Analysis of Megathrust Reflection Amplitudes 

 

The waveform of the fault reflection is controlled by the impedance (the product of seismic 

velocity and density) contrast across the fault, and has been used to map impedance variations as 

a proxy for physical properties in previous 3-D seismic reflection data 12,20. In our dataset, the 

fault reflection amplitude (extracted with automatic gain control) varies from regions of strongly 

to weakly reversed polarity (relative to the seafloor reflection) over distances of hundreds of 

meters (see Fig. 3C in the main text). Spatial continuity in the amplitude variation was analyzed 

by calculating the experimental variogram, γ(h) 44, along reference directions for representative 

areas of the fault: 
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where d(x) represents the fault reflection amplitude at a particular location x, d(x+h) is the value 

of the amplitude at location x+h, where h is the separation distance, or lag (m), and N(h) is the 

number of data pairs separated by h. A plot of calculated γ(h) vs. h is referred to as an 

experimental variogram. 

 

In a stationary field, γ(h) attains a constant value that is approximately equal to the variance of 

d(x) 44. This constant value is known as the sill, which is represented by a plateau in the 

experimental variogram. The distance at which the sill is reached is the correlation distance, α, 

also called the range parameter. The range represents a characteristic distance beyond which 

separated values are, on average, no longer correlated. γ(h) values less than the sill for h < α 

indicate spatial structure in a dataset. Fractal datasets, such as fault surfaces mapped from 

exposures of exhumed ancient faults, result in γ(h) that increases continuously for all values of h. 

Reference directions along which the variogram was calculated correspond to the directions that 

the roughness was measured (i.e. down dip and across strike, or parallel to and perpendicular to 

corrugations, where evident). Calculations were performed in Matlab with the function 

Experimental (Semi-) Variogram 45, and checked with the Stanford Geostatistical Modeling 

Software (SGeMS) 46. Four subregions of the reflection were chosen for analysis as 

representative of different portions of the fault: the corrugated and non-corrugated portions at 

shallow depth, one region from the middle of the volume, and one deeper in the volume 

(locations shown on Fig. 3C in the main text). γ(h) was calculated for 70 linearly spaced 

separation distances up to h = 2 km from a subset of 30,000 points randomly selected from the 

extracted subregion. For each subregion, the resulting experimental variograms exhibit spatial 

structure, except the non-corrugated portion of the shallow megathrust, which exhibits a fractal-

like behavior in the experimental variogram calculated down-dip direction. A weak periodicity is 

evident in the results for the shallow corrugated portion of the fault (perpendicular to the 

corrugations) where γ(h) fluctuates about the sill in a periodic manner.  

 



We treated the amplitude measurements as realizations of a spatial random function satisfying 

the intrinsic hypothesis 44, and fitted the calculated γ(h) values for each dataset with a variogram 

model 47 to estimate the correlation distances (example shown in Extended Data Fig. 7). We 

selected a spherical model type with zero nugget effect, following the approach used in previous 

studies of fault structures 48,49. Correlation distances estimated from the models (i.e., fitted α 

values) are listed in Extended Data Table 2. 

 

Data Availability 

The 3-D pre-stack depth-migrated seismic reflection data collected as part of Seismic Project 

MGL1106 Costa Rica Seismogenesis Project (CRISP) are available in the data repository at 

http://www-udc.ig.utexas.edu/sdc/ with identifier doi: 10.1594/IEDA/500204. The megathrust 

reflection geometry, depth beneath sea floor, and amplitude for the region shown in Figure 3 is 

available at: osf.io/3nxgb. 

 

Code Availability  

The code used to generate the apparent dip ('dip-steering') volume, dip-steered median filtered 

data can be accessed at https://github.com/OpendTect/OpendTect. 
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Extended Data 

 
Extended Data Figure 1. Megathrust power spectral density roughness compared to 

roughness calculated from ground-based LiDAR (Light Detection and Ranging) survey of 

an exposed ancient fault. Data are the same as in Figure 3 in the main text except for the dark 

grey lines at short wavelength, which are calculated from the Corona Heights Fault 50. Red line 

has a Hurst scaling exponent of 1 for reference. 

  



 

 
Extended Data Figure 2. Analysis of the effect of the seismic volume attributes on 

roughness estimates. A. Effect of dip-steered median filter step-outs on roughness 

measurements in corrugation-parallel direction. Comparison of calculated power spectral density 

from the shallow, well-corrugated portion of the megathrust horizon extracted from seismic 

volumes filtered with difference dip-steered median filter step-outs (inline x crossline). B. Same 

as A but for corrugation-perpendicular direction. C. Comparison of the megathrust power 

spectral density roughness calculated in different directions to test if the orientation of the 

megathrust dataset with respect to the coordinate system affected the length scale at which 

spectra calculated in perpendicular directions converge. Rotating the data around an axis normal 

to the mean plane through the dataset changes the number of profiles with different lengths, 

particularly the number of long profiles, and therefore the number of estimates of the PSD at 

long wavelengths. Roughness was calculated from profiles taken parallel and perpendicular to 

three reference directions: down dip and across strike; parallel and perpendicular to the 

corrugations present at shallow depths; perpendicular and parallel to the ridge axes in the middle 

portion of the megathrust. Differences in PSD at length scales > 5 km result from the smaller 

number of the longest profiles following rotation of the data around the Z-axis to the different 
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reference directions. These results show the length scale of convergence is approximately the 

same in each pair of spectra. 

  



 
 

Extended Data Figure 3. Example of an abandoned megathrust horizon extracted from the 

footwall at around 19 km landward of the trench. A. Map of the surface topography. Colors 

correspond to distance from the mean plane fitted through the region shown. Dip direction 

indicated by arrow. B. Power spectral density roughness of the abandoned megathrust horizon 

(bold lines) shown in A. This patch shares similar characteristics to the in-situ megathrust, being 

anisotropic and smoother in the direction of visible corrugations. Spectra for the corrugated and 

non-corrugated patches from Figure 2 in the main text are shown for reference. The roughness of 

the abandoned horizon is intermediate between the corrugated and weakly corrugated portions of 

the shallow megathrust. 

  



 
Extended Data Figure 4. Analysis of 3-D seismic volume spatial resolution. A, B, C: 

Amplitude histograms of the megathrust reflection from different depth intervals. Seismic 

bandwidth decreases (attenuation of high frequencies) with increasing depth. D. Post-migrated 

Fresnel zone variation with depth. Fresnel zone size increases with depth. 

  



 
Extended Data Figure 5. Map and cross section of earthquakes for source parameter 

estimates. A. Overview map with bathymetry 51 of the study region. Circles represent 

aftershocks occurring between September 1999 and November 1999 25. Pink circles indicate 

earthquakes considered here occurring on the plate interface, for which corner frequencies are 

calculated using the spectral ratio method. Red stars are the earthquakes that occurred between 

August 20, 1999 and September 24, 1999, for which corner frequencies are calculated using the 



spectral ratio method. Yellow stars are the mainshock (big star), and earthquakes (small stars) 

that occurred between September 9, 1996 and September 23, 1999, for which corner frequencies 

are calculated using the single spectrum method. Green triangles are the CRSEIZE seismometer 

locations, and black triangles are RSN (SJS) and IRIS/IDA (JTS) station locations. Dashed black 

line indicates the location of the cross section below. B. Cross section showing earthquake 

hypocentral depths. Symbols as in A. Inverted triangles indicate locations of seismic stations. 

  



 
Extended Data Figure 6. Examples of waveform analyses. A-F: Spectral ratio fits for the 

event pair 4585 (Mw=2.6) and 2554 (Mw=1.9) having CC=0.8. A. Single spectra amplitude and 

noise spectra of each event. B. Spectral ratio and the model fit with the final corner frequency 



estimates. C. and D. Waveforms in the time domain. E. The variance (chi-square misfit) for 

incremented values of fc1, each value represented by a different color. F. Corresponding fits to 

the data at different fc1 increments. G-L. Spectral ratio fits for the event pair 4016 (Mw=1.8) and 

3378 (Mw=1.3) having CC=0.7. G. Single spectra amplitude and noise spectra of each event. H. 

Spectral ratio and the model fit with the final corner frequency estimates. I. and J. Waveforms in 

the time domain. K.  The variance (chi-square misfit) for incremented values of fc1, each value 

represented by a different color. L.  Corresponding fits to the data at different fc1 increments. 

  



 
Extended Data Figure 7. Geostatistical analysis of the amplitude field from the corrugated 

subregion of the shallow megathrust. γ(h) shown here is the same as in Fig. 3E of the main 

text. The results clearly show that γ(h) attains a constant value for large h (normalized to 1 here). 

The curves through the results represent model fits to experimental variograms, which have 

correlation distances, α, of 485 and 445 m in the two perpendicular reference directions.  

  



 
Extended Data Table 1. Summary of data sources and methods used to estimate the source 

parameters plotted in the figures in the main text. 
aMagnitude range. bCorrelation Coefficient. cTime-window around P and S-waves used for 

spectral estimations. dMinimum magnitude difference between the larger event and its EGF for 

spectral ratio calculations. 

 

We divided the studied earthquakes in three groups. Group 1 (pink in the figures) includes 

aftershocks from the M 6.9 mainshock (20/08/1999), for which we calculated source parameters 

using the spectral ratio method. These events were recorded by the OBS broadband stations 

(CRSEIZE) and relocated by 25. The second group (red stars in the figures) includes four 

aftershocks occurred before the deployment of the CRSEIZE network. For these events we 

calculated source parameters using the spectral ratio method, but in this case, we used only land 

stations from the Costa Rican (SJS) and IRIS (JTS) networks. Finally, group 3 (yellow stars in 

the figures) includes earthquakes possibly occurred on the subduction interface between 

04/09/1996, when a M 6.2 event occurred, and 23/09/1999. Among these events the M 6.9 

mainshock (20/08/1999) is also included. The difference between this group and groups 1 and 2 

is that for the earthquakes included in group 3 we could not find any pairs of events with a 

correlation coefficient larger than 0.7, which is the minimum requirement we established to 

consider two events co-located. Therefore, we could not calculate source parameters using the 

spectral ratio method. We used instead single spectra. 

  



 
Extended Data Table 2. Correlation distances obtained from model fits to the experimental 

variograms shown in Figure 3 in the main text. 

 


