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Abstract we provide a detailed, seismically defined three-dimensional model for the subducting plate
interface along the Middle America Trench between northern Nicaragua and southern Costa Rica. The
model uses data from a weighted catalog of about 30,000 earthquake hypocenters compiled from nine
catalogs to constrain the interface through a process we term the “maximum seismicity method.” The
method determines the average position of the largest cluster of microseismicity beneath an a priori
functional surface above the interface. This technique is applied to all seismicity above 40 km depth, the
approximate intersection of the hanging wall Mohorovici¢ discontinuity, where seismicity likely lies along the
plate interface. Below this depth, an envelope above 90% of seismicity approximates the slab surface.
Because of station proximity to the interface, this model provides highest precision along the interface
beneath the Nicoya Peninsula of Costa Rica, an area where marked geometric changes coincide with crustal
transitions and topography observed seaward of the trench. The new interface is useful for a number of
geophysical studies that aim to understand subduction zone earthquake behavior and geodynamic and
tectonic development of convergent plate boundaries.

1. Introduction

Convergent tectonic boundaries are responsible for the release of more than 80% of the globally observed
seismic moment [Pacheco and Sykes, 1992], primarily occurring along the subduction interface, termed the
megathrust. These megathrust events are a severe threat to populations living near the coast. The danger
is a result of both the generated strong shaking and triggering tsunami waves leading, in the worst case
scenario, to the total destruction of coastal communities. Thus, it is important to understand the physical
factors controlling the seismic potential and accumulation of elastic energy along subduction zones. The
Middle America Trench (MAT) dominates the oceanic landscape of the southwestern coast of Central
America. In this actively deforming region the Cocos and Caribbean Plates converge rapidly at a rate of
approximately 8-9cm/yr [DeMets et al., 2010]. As the two plates move toward one another, the Cocos
Plate subducts beneath the overriding Caribbean Plate. The most tangible effect of this subduction is the
generation of large thrust earthquakes such as the moment magnitude (My,) 7.6 1992 Nicaraguan tsunami
earthquake [Kikuchi and Kanamori, 1995] or the most recent My, 7.6 Nicoya 2012 earthquake, which
occurred almost entirely under the peninsula of Nicoya [Protti et al., 2014]. In particular, this is a region
where extensive multidisciplinary studies (e.g., seismic experiments, geodetic campaigns, hydrogeological
studies, and detailed bathymetric mapping) have been conducted in the last 20years, including an
ongoing dense seismic and geodetic network in the Nicoya Peninsula, termed the Nicoya Seismic Cycle
Observatory (NSCO).

The material composition of the subducting Cocos Plate has two origins, the East Pacific Rise (EPR) crust in the
north and the Cocos-Nazca Spreading Center (CNS) crust in the south [Barckhausen et al., 2001]. Previous
seismological studies revealed that transition from EPR to CNS crust coincides with an abrupt 5km
reduction in depth in the interface microseismicity, possibly related to an abrupt change of the interface
geometry [Newman et al, 2002; DeShon et al., 2006], and a net change in the thermal state of the
incoming plate [Harris et al., 2010]. Simulations of earthquake dynamic rupture implementing nonplanar
faults demonstrated that interface geometry plays a controlling role in rupture propagation [e.g., Duan and
Oglesby, 2005; Yang et al., 2013]. However, existing interseismic locking [Feng et al., 2012] and coseismic
slip models [Yue et al., 2013; Protti et al., 2014] of the Costa Rica subduction zone are based on smoothed
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and regionally averaged subduction fault geometry, ignoring the along-strike variation of the subduction
interface from EPR to CNS. The inclusion of such geometric changes are likely to have a significant effect
on the distribution of locking and moment release predicted from models of interseismic and coseismic
deformation in the area, which already show that both peak locking and slip occur right at the transition
between EPR and CNS crust.

A number of studies have focused on creating three-dimensional (3-D) models of subduction zone
geometries, with results dependent upon the data and methods used. Models are driven by observations
of local or teleseismically observed earthquake activity, regional seismic profiling, tomography, or some
combination of these. Globally, Gudmundsson and Sambridge [1998] proposed a three-dimensional model
of subducting slabs, useful for improved teleseismic earthquake locations when accounting for
perturbations in seismic velocities in the mantle. Syracuse and Abers [2006] proposed an updated global
model of subduction zone geometries using a combination of teleseismic and local seismicity. While these
models are good representations of the subducted slabs, they lack resolution of the subduction
megathrust interface responsible for the generation of potentially devastating earthquakes. However, the
work of Hayes et al. [2012] aimed to rectify this for about 85% of global subduction zones in a model
called Slab1.0. This study combines numerous independent observations, including historic earthquake
catalogs, relocated teleseismic events, bathymetry, sediment thickness, and active source seismic data.

Regionally, a few locally derived 3-D interfaces have been created [Protti et al., 1994; Ranero et al., 2005,
DeShon et al., 2006]. Similar to the global models results, these results depend upon data, method, and
depth of investigation. A systematic analysis of the variations of the Wadati-Beniof zone beneath
Nicaragua and Costa Rica was the focus of Protti et al. [1994], in which they concluded that abrupt
changes of the zone beneath Nicaragua and Costa Rica correspond with along-trench variations of the age
of the subducting Cocos Plate. In a study that focused on the relationship between plate-bending faults
along subduction zones in both Chile and Central America, Ranero et al. [2005] developed a pair of new
slab models based on a combination of global seismic tomography, and teleseismic and regional
earthquake locations. In developing a new locally derived seismic velocity model for the Nicoya Peninsula,
DeShon et al. [2006] also illuminated some of the along-strike changes of the megathrust that correspond
to the EPR-CNS transition first identified by Newman et al. [2002]. Finally, hypocenter locations and seismic
tomography were used by Syracuse et al. [2008] to determine the slab geometry with the specific goal of
understanding geochemical variations and their association with the slab thickness beneath Central
America. Because of the project goals and network design, the Syracuse study best described the
geometry away from the megathrust interface and below the volcanic chain.

For a number of geophysical studies, accurate information about details of the subducting plate interface is
important. A fundamental component of the geodetic modeling of subduction zones is the correct
prediction of surface displacements generated by slip along the fault interface. In order to better
understand the mechanisms controlling the accumulation of interseismic elastic energy, and subsequently
the release of the seismic energy during the coseismic phase, it is important to define the characteristics
of the fault interface. The development of accurate subduction interface models is critical in geodetic
modeling and more precisely in estimating the interseismic locking map, coseismic slip distribution, slow
slip events, seafloor displacement useful for tsunami wave simulations, and dynamic rupture scenarios. In
this work we present a high-resolution MAT subduction fault interface model generated from hypocenters
of small earthquakes recorded from several seismic networks across the interface offshore and beneath
Costa Rica and Nicaragua.

2, Earthquake Catalogs

Our composite seismic catalog comprises events recorded by eight seismic networks along Costa Rica and
Nicaragua. These networks include data recorded along Costa Rica as part of the Costa Rica Seismogenic
Zone Experiment, along central Costa Rica and Nicaragua as part of the German SFB 574 program, across
Nicaragua from the Nicaraguan national network, and across both regions during the Tomography Under
Costa Rica and Nicaragua (TUCAN) experiment (Figure 1a). Additionally, the JACO and QUEPOS
experiments (part of SFB574) provide coverage for the offshore region between the Nicoya and Osa
Peninsulas. The data from these networks allow for approximately 700 km of trench parallel coverage
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Figure 1. Seismic networks and microseismicity. (a) The networks are the Seismic Network of Nicaragua (SNN)—INETER
permanent network, the TUCAN temporary array, the NICAM SFB574 experiment, the Nicoya and Osa CRSEIZE temporary
arrays, the Jaco temporary array, the Quepos temporary array, and the Observatorio Vulcanoldgico y Sismolégico de Costa
Rica, Universidad Nacional (OVSICORI) network. (b) Regional microseismicity color coded by the local network in which they
were recorded (see Figure 1a). The bathymetric low defining the Middle America Trench is traced in red.

along the Wadati-Benioff seismic zone (Figure 1b). Details of the individual networks and their resultant
hypocenter catalogs are presented in the following sections in the order of descending latitudinal position.
For catalogs in which we had seismic phase information, we relocated the events using one of two locally
available velocity models, as described in the following sections. Summing the events from these catalogs,
we use about 30,000 earthquakes occurring between 1993 and 2009. The spatial coverage of each data set
is represented jointly with the deployed seismic networks in Figure 1.

2.1. Nicaragua INETER 1993-2001

The Seismic Network of Nicaragua (SNN) operated by the Instituto Nicaraguense de Estudios Territoriales
(INETER) recorded earthquake activity that best describes the subduction geometry offshore the
Nicaraguan coast for the time period from 1993 to 2001 (catalog 1 in Figure 1b). The network operates 37
telemetered seismic short period and 15 broadband stations distributed across Nicaragua. The data set is
composed of about 11,300 events which we relocated using SimulPS [Thurber, 1983, 1993; Eberhart-Phillips,
1990; Evans et al, 1994] within a two-dimensional V,, and V,/V; velocity model extrapolated northward
from northern Costa Rica, a region with comparable plate geometry and crustal origins [DeShon et al.,
2006]. The events have formal position errors of 1.79, 1.12, and 2.63 km (hereafter errors are reported in
longitude, latitude, and depth positions, respectively).

2.2. Nicaragua-Nicoya 1999-2001 (3-D)

For events that were located both by the Nicaraguan national network (section 2.1) and the Nicoya-CRSEIZE
network (section 2.5), a new combined catalog was developed from cross-network detection of events
(catalog 2 in Figure 1b). These events are reported for the period in which the Nicoya-CRSEIZE network
was operational, from late 1999 to middle 2001. The new catalog of 893 earthquakes was created from the
two independent catalogs of P and S phase arrivals, merging events when temporal differences in
earthquake origin times were less than 10s. The events, with formal position errors of 0.79, 0.48, and 0.94 km,
were located in the same velocity model as the larger Nicaraguan-only catalog describe in section 2.1. The
unique positioning of the combination of the Nicoya-CRSEIZE and SNN networks allowed for detailed imaging
of seismic events offshore of southern Nicaragua and northwest of the Nicoya Peninsula.

2.3. TUCAN Data Set

Syracuse et al. [2008] created a region-wide catalog of 1328 earthquakes primarily under the volcanic belts
(catalog 3 in Figure 1b) from recording made during a large temporary deployment called the TUCAN
array (Tomography Under Costa Rica and Nicaragua). The array consisted of 47 broadband stations
operating from July 2004 to March 2006. The distribution of the stations was mainly organized in four
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trench-normal lines from northern Nicaragua to central Costa Rica. The data were collected and processed by
a joint group from the Observatorio Vulcanolégico y Sismoldgico de Costa Rica, Universidad Nacional
(OVSICORI) of the National University of Costa Rica, INETER, and Boston University. Because of the location
and network design, these data are uniquely well suited for recording deep earthquakes along the deeper
Wadati-Benioff zone but insufficient for characterizing the subduction megathrust through the region.
Earthquakes were located within a regional velocity model also developed by Syracuse et al. [2008] and
have average formal errors of 1.77, 1.47, and 2.35 km.

2.4. Nicaragua Amphibious Data Set (SFB-574 Project)

The Nicaragua amphibious (SFB 574 project) data set consists of 582 events, hereafter the NICAM catalog
(catalog 4 in Figure 1b). The original data set was acquired from a temporary network of offshore ocean
bottom seismometers (OBS), ocean bottom hydrophones (OBH), and temporary short-period land stations.
The array was deployed for a total of 6 months between December 2005 and June 2006. The experiment
was conducted by the Christian Albrechts University of Kiel and the former Leibniz Institute of Marine
Sciences at the University of Kiel (IFM-GEOMAR). We relocated these events using TomoDD in a region-
wide 3-D V, and V; velocity models by Moore-Driskell et al. [2013].

For this catalog, as well as the Nicoya (section 2.5), JACO and Quepos (section 2.6), and Osa (section 2.7)
catalogs, we performed jackknife analyses of the solution variability by systematically excluding one
station at a time while determining event locations across the catalog. Because any one event is only
located by a subset of the network, most solutions are near identical to the original and only vary
substantially when one of the stations used in that individual event is removed. Because of this, we
considered the range of solutions to contain approximately 95% of likely results; thus, we report errors of
one quarter the overall range; corresponding to one standard deviation of a Gaussian distribution. For the
NICAM catalog we obtain jackknife errors of 350, 340, and 415 m.

2.5. Nicoya 1999-2001 (CRSEIZE), 2009

The Costa Rica Seismogenic Zone Experiment (CRSEIZE) was a combined seismic and geodetic project
operated by University of California (UC) Santa Cruz, UC San Diego, OVSICORI, and the University of Miami,
to image the seismogenic plate interface offshore the Nicoya and Osa Peninsulas of Costa Rica. The
CRSEIZE network was composed of 20 three-component short-period and broadband seismometers on
the Nicoya peninsula as well as 14 broadband ocean bottom seismometers [Newman et al.,, 2002]. The
observations derived from these experiments provide a unique opportunity to evaluate the main
seismogenic interface that is responsible for the region’s largest earthquakes. In Nicoya, the land-based
component of the experiment operated from December 1999 to June 2001 while the offshore segment
was operated from December 1999 to June 2000. The total data set is composed of 11,241 events with
average jackknife errors of 75, 81, and 115m (catalog 5 in Figure 1b). The 2009 catalog is a data set
recorded by an ongoing seismic network reoccupying most of the same sites as the original Nicoya-
CRSEIZE on land deployment. The new network, reinitiated in 2008, was operated jointly by UC Santa Cruz,
Georgia Institute of Technology, and OVSICORI and is part of the NSCO. While the network is still ongoing
at the time of this writing, the 2009 data set, which is composed entirely of analyst phase picks, was
considered to be sufficiently representative in terms of geometry of hypocenter locations, particularly
when added to the existing Nicoya-CRSEIZE data set. We relocate both data sets within the TomoDD V,
and V; velocity models of Moore-Driskell et al. [2013].

2.6. JACO and QUEPOS Data Set (SFB574 Project)

The Jaco (JACO) and Quepos (QUEPOS) Costa Rica experiments, named after coastal towns, are two
amphibious seismological networks deployed between the Nicoya and Osa Peninsulas from April 2002 to
October 2002 and from September 2002 to May 2003, respectively [Arroyo et al., 2009; Dinc et al., 2010].
The experiments were conducted with 10 ocean bottom seismometers (OBS), 13 ocean bottom
hydrophones (OBH), and 15 on-land stations. The Jaco experiment was subsequently shifted 60 km south
to become the Quepos experiment in 2003. These data were located using TomoDD in a region-wide 3-D
V), and V; velocity model by Moore-Driskell et al. [2013], resulting in 1031 events from the JACO experiment
and 298 events from the Quepos data set (catalogs 6 and 7 in Figure 1b), with average jackknife errors of
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Figure 2. Schematic representation of the maximum seismicity method. The bounding initial parabolic functions (red
curves) delimit near-slab seismicity (cyan circles), excluding outside events (gray circles). The green crosses represent the
regular surface grid (for clarity we show 10 km steps) which are downward projected to the upper parabola (green dashed
lines). Search cylinders (red) and an associated local r'-z’ coordinate system (black arrows) are shown, with the local Z' axis
for each grid point shown as a thin gray line. The approximate depth of the Mohorovici¢ discontinuity (thick black dashed
line) dictates a change in methodology used for the final determination. The final rough interface solutions per node (red
circles) are shown relative to the final smoothed interface (solid yellow and magenta circles, color changing with method).

258,256, and 325 m, and 60, 65, and 70 m, respectively. This experiment was also conducted by IFM-GEOMAR
under the SFB574 project.

2.7. OSA CRSEIZE Data Set

The OSA deployment of the CRSEIZE experiment, named after the Osa Peninsula immediately to the south,
recorded 2 months of aftershocks (mid-September through November) of the 20 August 1999 M,, 6.9
Quepos earthquake [DeShon et al.,, 2003]. The seismic network was composed of 20 stations (6 onshore
seismometers and 14 ocean bottom seismometers), recording 311 events (catalog 8 in Figure 1b). Like
most of the above data sets, these were located using TomoDD in region-wide 3-D V, and V; velocity
models by Moore-Driskell et al. [2013]. The average jackknife errors are 56, 46, and 72 m.

2.8. OVSICORI Data Set

Using the national seismic network maintained by OVSICORI, we obtained a catalog of 8768 earthquakes
recorded between March 2010 and May 2014 and located using a regional 1-D velocity model within the
Antelope seismic analysis software suite (www.brtt.com). Because these data represent a local composite
catalog of events recorded using different methods, we filtered out possible duplicate events that had
temporal separation of less than 5s (removing 470 repeated records). These events are included as a
secondary source for deep earthquakes below Costa Rica, supplementing the data from TUCAN, and thus,
only events below 40 km depth are included. The final catalog consists of 2568 events with average formal
errors of 229, 345, and 570 m.

3. Methodology

Because the earthquake data sets come from a number of sources with variable resolution, and because we
are interested in developing a method that allows for spatially variable sensitivities from a distribution of
networks, we developed a new tool for fault mapping. This tool, while specifically developed for this
region, should be effective for other subduction zones, or otherwise seismically active faults. The method
presented here, which we call the maximum seismicity method, is composed of eight basic steps, which
are further explained below (Figure 2):

1. Perform initial filter to remove high error events in each catalog;

2. Remove known crustal events through the definition of an initial two-dimensional (2-D) confining
function;

3. Define a gridded horizontal geometry over which to determine interface solutions;
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4. For each grid point define a minimum number of events about a growing search radius normal to the
upper surface of the confining initial function;

5. Apply a sliding window algorithm to identify maximum seismicity window for events within each grid node;

6. Weight individual events based on network location along-strike and their normalized errors within their
catalog;

7. Solve for new three-dimensional (3-D) mean position for the interface based on the weighted average of
event locations within the maximum seismicity window; and

8. Apply a resolution-based adaptive smoothing algorithm to create the final model.

The model is developed in a local coordinate system, 700 km in length and 250 km in width (Figure 1a) and
oriented along the approximate strike of the Middle America Trench (45° counterclockwise (CCW) from the
north and origin at longitude = —86.4°, latitude = 7°).

As an initial step, based on visual inspection of the scatter in earthquake locations we chose to remove 20% of
the earthquakes with the highest 3-D hypocentral formal errors (sum of the mean errors in latitude,
longitude, and depth) per catalog. This choice is somewhat subjective and may not be necessary if data
are already filtered based on quality. From the remaining data, we manually define two a priori one-sided
parabolic functions that vary in the along-dip direction and designed to confine subduction-related
seismicity in order to avoid unnecessary bias from intraplate and volcanic seismicity, as well as other
poorly located events below the downgoing plate (Figure 2). From this remaining data set, we perform an
analysis across a 5x5km regular grid oriented in the approximate along-strike and downdip directions.
The grid spans a 700 km x 250 km surface comprising 7191 investigated grid nodes. For each node, we
evaluate the projection of the remaining seismicity within a cylinder normal to the top parabola. The
search cylinder is initiated with a 5 km radius, about an axis Z, and grows by 1 km increments, until at least
25 earthquakes are retained. The 25-event minimum was chosen because test runs beneath Nicoya
showed that at this value, solutions become robust and that larger values would unnecessarily increase
the spatial smoothing.

At this point the methodology diverges depending on depth. Because substantial microseismicity is not
expected to occur along the slab surface once it descends below the hanging wall mantle wedge, most
observed seismicity at these depths will occur within the slab itself [e.g., Kirby et al, 1996]. Thus, using
seismicity above 40 km depth (the approximate location of the Mohorovici¢ discontinuity (Moho) in this
region [DeShon et al., 2006]), we identify the location of the slab interface using the maximum seismicity
method (described below). Below 40km depth, we use an envelope function in which we map the
weighted 3-D position of the top of the seismicity (between the 80th and 90th percentile along the Z'
profile) to approximate the slab interface. For the region updip of the trench, the slab geometry is defined
as the bathymetric seafloor surface above the sediments as obtained from both satellite- and ship-based
methods [Smith and Sandwell, 1997; Ranero et al., 2005].

The maximum seismicity method developed here attempts to define the fault location at depth on which the
majority of microseismicity occurs within the established parabolic bounds. For each Z' profile along
individual grid points, a sliding window with one seventh of the total width of the profile is used to count
the frequency of earthquakes along the parabola-normal profile, and the window with the most events is
retained for further analysis—when two windows have equal and maximum values, the shallower one is
chosen. From this maximum seismicity window, a new 3-D position is determined from the weighted
average positions of the orthogonal components of the seismicity within that bin.

The weighting of events (W) within the maximum seismicity window is defined as the product of the
normalized weight of the event within its catalog (W), and the weight of catalog relative to its along-strike
position (W(). The We is the inverse of the normalized component error of individual event within its
catalog. Catalog quality is dependent on the network size, density, and position, as well as the catalog
location method. Thus, we define W, to represent the quality of individual catalogs as functions of their
positions along-strike the MAT (varying from 0 to 2; Figure 3).

Once the new 3-D position for each grid node is determined and before generating the final surface, we
apply a variable smoothness algorithm based on the spatial resolution provided by the minimum cylinder
radius. The smoothness along the interface is controlled by a Gaussian-weighted average of neighboring
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Figure 3. Representation of the (top) absolute and (bottom) normalized
weighting as a function of along-strike distance. The weighting from
each catalog is described as a trapezoid with maximum relative widths
of 1 or 2 depending on the overall quality and location of the seismic
network along-strike. Each catalog is color coded and ordered according
to their representation in Figure 1. The along-strike distance corresponds
to the northeast trending 100 km bins in Figure 1, with 100 and 800 km
corresponding to the SE and NW most lines, respectively.

interface nodes, whose 1 sigma radius is
equal to the node resolution as defined
by the search radius necessary to
obtain 25 nearby earthquakes (shown
in Figure 4a). For regions near the
edge of the model, results are only
retained when more than 50% of the
smoothed area is defined. The spatial
resolution varies between our starting
radius (5km) and 20km for most of
the region, with the lowest values
in regions where dense seismic
networks exist over the interface, most
prominently the seismogenic interface
beneath the Nicoya Peninsula.

To evaluate the variability the model
allows given our data, we perform a
bootstrap analysis of the smoothed
positions using 50 randomly resampled
catalogs. The standard deviation of the
smoothed results (Figure 4b) show that

for most of the downdip environment
for which we describe the slab interface, the results remain extremely stable (most less than 2.5km
variability), but large errors remain in the observation of the offshore slab updip of Nicaragua and may be
due to the contribution of some seismicity within the hanging wall. The lowest variability remains under the
Nicoya Peninsula and offshore regions immediately to the NW and SE where dense on-land and offshore
seismic networks recorded most of the seismicity.

4, Results and Discussion

For clarity, we focus much of the discussion on and around the Nicoya Peninsula, the region in which the
seismogenic portion of the interface is best determined and is of most concern for our efforts to model
fault behavior [Kyriakopoulos and Newman, 2014]. Across the Nicoya Peninsula we detail three downdip
profiles separated each by 20 km, sampling a strong transition in subducted topography. The complete
profiles spanning the model from north to south are presented in the supporting information (Figure S1).

4.1. Comparison With Other Models

The regional microseismicity is largely in agreement with the new interface model (Figures 5 and S1). We are
interested in the identification of geometric features that may play a role in interseismic coupling and also
contribute as asperities or barriers during the rupture phase. As expected given the algorithms we
developed, above 40 km depth, the new model describes well the Nicoya component of CRSEIZE (dataset
5, yellow dots in Figure 1b) where seismicity reveals the shape variation of the interface between profiles
340 and 380. Below 40 km depth, the interface lies near the top of the seismicity, due to the change in
methodology, which accounts for sub-Moho seismicity occurring primarily within the slab. We calculated
the average residual depth between the interface and the seismicity to be 5.5 km at depths shallower than
40 km, increasing to 17 km below 40km. The increase in residuals at greater depth likely reflects both
changes in the method for determining the interface location and increased scatter in locating deeper
earthquakes due to decreased relative network aperture to event depth. The final interface model extends
from southern Costa Rica to northern Nicaragua (Figure 4) and has a length of ~700 km. The southeastern
edge of the model reaches depths greater than 120 km. Because smoothing is adaptively modulated
based on resolution, the new model exhibits a rougher interface at shallower depths.

We compare the final interface model with the Slab1.0 model for Central America [Hayes et al., 2012]. Figure S1
shows a series of along-dip projections across the model showing both our model and Slab1.0 with the
seismic data used here. As expected, our model better describes the data, including descriptions of the
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north) and origin in longitude = —86.4°, latitude = 7°. The projected transition from East Pacific Rise (EPR) to Cocos Nazca Spreading Center (CNS) is represented with
a solid yellow line. Depth (white 4 km contours), Nicaraguan and Costa Rican coastline (red line) and the Middle America Trench (thick black line) are also shown.

slab in some downdip regions not covered by Slab1.0, particularly in northern Nicaragua. The new model also
shows significant variability in shape, more closely mimicking the seismicity. Along with Slab1.0, we further
evaluate some of the local features we identify relative to other regional published interface models for
the Nicoya region from DeShon et al. [2006] and Ranero et al. [2005], hereafter called DS06 and RNO5,
respectively (Figure 6). We specifically examine three cross sections (Figures 5d-5f) across the central
sector of the peninsula to investigate the local-scale variability in geometric shape of the plate interface.
Below Nicoya, the most visible feature is observed around y=350km (section 350, Figure 5e) indicating an
abrupt change of the subduction slab geometry. This feature is coincident with a previously detected 5km
interface offset across the transition from EPR to CNS crust [Newman et al., 2002] and is also apparent,
though more smoothed in DS06, but not in RNO5 or Slab1.0. Across this transition, the subducting crust of

KYRIAKOPOULOS ET AL. INTERFACE MODEL FOR CENTRAL AMERICA 8



@AG U Journal of Geophysical Research: Solid Earth

10.1002/2014JB011859

404

804

Section=300

Section=350 Section=400

1204

° Seismicity Rl
e Interface nodes % s |
3D Model Gl ;
(km) o 40 8o 120 160 200 240 (km)o 40 80 120 160 200 240 (km)o 40 80 120 160 200 240

801

120

160

Section=300

Section=350 Section=400

3D Model
SlabHayes
2D Model
Ranero2008
DeShon2006
Topography

r4o

r8o

ri20

160

(km) o 40 80

(km)o 40 80 120 (km)o 40 80

Section x=120

1-Nicg 1993-2001

2-Nicg-Nico 1999-2001(3D)

]

o

® 3-TUCAN
@ 4-SFB574
o

5-Nicoya 1999-2001,2009

? o . o o

6-Jaco 3D Model

®

® 7-Quepos -+ Interface nodes
@ 8-Osa

@ 9-OVSICORI below 40km —

100
(km)

I I I
140 180 220

[ I I I I
620 660 700 740 780

I [ [ ] I I I I [
260 300 340 380 420 460 500 540 580

Figure 5. Model and seismicity profiles along the Nicoya Peninsula. The sections correspond to (a) northern Nicoya (y =400 km), (b) central Nicoya just south of the
EPR-CNS transition (y =350 km), and (c) southern Nicoya (y = 300 km). (d—f) Model comparisons are shown for the same sections (Ranero et al. [2005], DeShon et al.
[2006], Hayes et al. [2012], and the 2-D model from Feng et al. [2012]). (g) Along-strike transect for x =120, corresponding to the approximate center of the
megathrust. All events within 10 km of the profiles are projected onto the plane and colored according to the source data set (see legend in Figure 5g). The red
crosses (in Figures 5a-5c and 5g) represent the final interface nodes before smoothing.

CNS origin to the south dips more shallowly than does the EPR crust in the north. Below Nicoya the new
model is consistently shallower than Slab1.0 and represents better the local seismicity recorded primarily
by the local dense Nicoya networks (Figure 1). The final 3-D model provides good agreement with various
data sets. Although the DS06 and RNO5 models are based on different data sets and generated using
different techniques, around the central part of the Nicoya Peninsula there is relatively good agreement
with the interface described in this study.

4.2. EPR-CNS Transition

The portion of the interface below the central part of the Nicoya Peninsula, specifically the seismogenic
zone between about 15 and 25 km depth, is characterized by spatial variations in the geometry of the
fault and resembles a subducted plateau in which the subducting CNS-1 crust remains relatively flat until
about 20 km depth before descending rapidly and again matching the EPR slab to the north. Though we
are uncertain of the origin, the “plateau” may be the result of relatively resistant CNS-1 subduction
almost perpendicular to plate generation direction. Farther to the north Ranero and von Huene [2000]
identify the highly effective deformation and faulting within the EPR crust that is subducting parallel to
plate generation direction, possibly reactivating planes of weakness developed during formation. An
alternative possibility is that a massive seamount or otherwise thickened crust along the CNS-1 crust
was subducted.
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Figure 6. Comparisons of 3-D models in the Nicoya region. (a) This work is shown with the trace of the profiles shown in
Figure 5. The other models are (b) RNO5 from Ranero et al. [2005], (c) Slab1.0 from Hayes et al. [2012], and (d) DS06 from
DeShon et al. [2006]. The x and y axes represent a local Cartesian system described in Figure 4. Depth contours (black thin
and thick lines), the Nicoya Peninsula coastline, and MAT (red lines) are also shown.

A curious feature appearing to be a massive slump (70 x 140 km) exists across the margin wedge offshore
most of the southern half of the Nicoya Peninsula (Figures 7 and 8). The slump corresponds to the trace of
the observed CNS-1 plateau just after burial in the subduction zone assuming that there has been no
substantial change in the current plate convergence direction since 1.2Ma (Figure 7). At current plate
rates, the onset of impingement of the suspected interface plateau at the trench began approximately
then, with the tail of the plateau finally passing downdip of the bathymetric slump at about 400 ka. Similar
and smaller scars observed across the Quepos plateau just to the south of Nicoya are traced to currently
subducted seamount chains and some moderate earthquakes with complex rupture histories [Ranero and
von Huene, 2000; Bilek et al., 2003]. While we do not know if this slump is the result of prior impingement
of the interface feature we observe beneath Nicoya, its existence is strongly indicative of the recent
subduction of a substantial disruptive feature.

4.3. Fisher Seamount Chain

The oceanic crust subducting along the southern most extent of the Nicoya Peninsula appears to be highly
complex. When compared to the bathymetry immediately offshore, it is clear that the structures downdip
line-up with the Fisher seamount chain (deflection in 16 and 20 km slab contours in Figures 7). Thus, it is
our interpretation that this feature represents the subducted extension of the Fisher range. This is
supported by seismic tomography performed from aftershocks of the 1990 Quepos earthquake, which
found what appeared to be a large subducted seamount at about 25 km depth, possibly acting as an
asperity dictating the geometry and size of the 1990 main shock [Husen et al., 2002]. Most recently, new
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Figure 7. Regional physiography and slab model. The 4 km contoured slab surface projection is shown with the combined
regional topography and bathymetry. The offshore bathymetric surface reveals the transition from a “rougher” Quepos
plateau to “smoother” seafloor offshore Nicoya and Nicaragua, where Cocos Nazca Spreading Center crust (CNS-1, CNS-2)
transitions to East Pacific Rise (EPR) generated crust. The solid and dashed green lines represent the approximate seafloor
age (in Myr) as identified by Barckhausen et al.[2001]. The thick “toothed” line represents the Middle America Trench (MAT).
Red velocity vectors show the Cocos Plate motion relative to the Caribbean Plate [DeMets et al., 2010]. Also shown is the
magenta 100 km contour and Quesada Sharp Contortion (QSC) from Protti et al. [1994]. The 12 km subducted contour
farthest offshore (thin dashed line) is seaward of the seismic networks and remains poorly resolved.

analysis of satellite gravity by Sandwell et al. [2014] show a strong positive free-air gravity anomaly along the
trend of the Fisher seamount chain approximately halfway between the trench and the southeastern tip of
the Nicoya Peninsula, supplying further evidence for the downdip extension of the Fisher seamount chain
(Figure 8). Interface topography has long been recognized to play a controlling role in the slip behavior along
megathrust environment [e.g., Kanamori, 1986]. In Costa Rica magnitude 7 events have been associated with
the mechanical heterogeneities produced by subducted seamounts [Bilek et al., 2003].

4.4. The Quepos Plateau

A dominant feature of the oceanic plate in the region is a transition from the apparently smooth seafloor
offshore Nicaragua and Nicoya to a substantially rougher and more elevated bathymetry along the
Quepos plateau (Figure 7). In particular, a seamount chain (standing approximately 2.5 km high) located
halfway between the Nicoya and Osa Peninsulas dominates the plateau and corresponds to a large
erosional indentation in the margin wedge, similar in size to the slump observed offshore southern Nicoya
[von Huene et al., 2000; Ranero and von Huene, 2000]. This and other grooves associated with regional
seamounts along the plateau were previously identified as path markers for underthrusting seamounts
beneath the continental slope [Ranero and von Huene, 2000].

4.5. The General Role of Interface Topography

The debate over whether the seamounts act primarily as seismic asperities or are largely aseismic is still open,
and nowadays there is evidence to support both theses. For example, regions of elevated topography may be
sites which expose otherwise underlying lithologies including chalk, which are characterized by frictionally
unstable behavior [Marone, 1998]. This contrasts most environments where weak hemipelagic sediments
including clays, are dominant along the interface. In this scenario the local topographic highs act to localize
the strain, acting as earthquake asperities, while surrounding weak sediments favor rupture propagation
[lkari et al., 2013]. Recently, Wang and Bilek [2011] suggested that subducted topography might allow for
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aseismic sliding between the two plates
during the interseismic period, because
of the release of high-pressure fluids
that reduce the effective normal stress,
and thus would not act as an asperity
for large earthquakes. Similarly, seismic
surveys from the southern segment
of the Japan Trench showed that a
subducted seamount might produce
weakly coupled zones along the
plate interface, modulating the area
of rupture [Mochizuki et al, 2008].
Additionally, using dynamic rupture
models, Yang et al. [2013] showed that
if an earthquake nucleates very near
a seamount, the structure might actually
act as a barrier, inhibiting rupture.
Nonetheless, it is clear that geometric
complexities act as mechanical regulators
during both the interseismic and coseis-

] Fisher seamount
4 chain
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Figure 8. Gravity [Sandwell et al., 2014] and physiographic makeup of the

area around the Nicoya Peninsula [Ryan et al., 2009]. Free-air gravity (gray
contours reported in milligals) and the 30° dipping perspective of the
bathymetry and topography (approximately —4 km to +1 km elevation).

mic phases, producing a combined
geometry-lithology effect. It is logical
that a better characterization of the fault

This view highlights some subducted features due to the differential
makeup of the incoming oceanic plate, consisting of East Pacific Rise (EPR),
and Cocos-Nazca Spreading Center Crust before (CNS-1) and after (CNS-2) a
change in plate orientation, relative to the overriding shelf. Three features
are dominant (enumerated in plot). 1.: A positive gravity anomaly exists
along the CNS-1 side of the EPR-CNS transition approximately midway up
the slope. 2.: To the south, a large physiographic and gravity anomaly is
likely a large slump that extends from near the shore all the way down to
the trench (bounded by curved dashed line), possibly due to the subduction
of a substantial topographic high. 3.: Farther to the south, the subduction of
the Fisher seamount appears to continue into the megathrust with a large
positive topographic and gravity high approximately 40 km inland of the
trench. These three subducted features appear to continue further downdip
and are apparent in our new slab geometry (Figure 7).

interface is a necessary initial step
toward developing more realistic repre-
sentations of seismogenic zone behavior
through the seismic cycle.

5. Conclusions

Using data from a combined seismic
catalog of ~30,000 events, we developed
a high-resolution subduction interface
model beneath the Nicaraguan and
Costa Rica segments of Middle America
Trench using the newly defined maxi-
mum seismicity method in combination with a limiting envelope function for the interface below the Moho.
The new interface is characterized by both lateral and down section heterogeneities, the correspond with
seafloor features (seamounts and slumps), and regions of geodetic locking and slip (models of Feng et al.
[2012], Yue et al. [2013], and Protti et al. [2014]). The marked geometric shape variations observed between
15 and 25 km beneath the Nicoya Peninsula are coincident with a transition in oceanic crust between that
generated at the East Pacific Rise and the Cocos-Nazca Spreading Center and correspond to a large apparent
slump offshore the peninsula. An additional smaller peak off of southern Nicoya corresponds with the
downdip extension of the current Fisher seamount chain. The new model captures local features of the slab
topography that we cannot see in previous models, especially around Nicoya Peninsula. While the three-
dimensional model was developed primarily for geodetic inversions of interface locking and earthquake slip,
it is likely of value for a number of geodynamic and regional structural models.
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Supplementary Informations (SI) - Figure captions (S1, S2) for ""A new seismically
constrained subduction interface model for Central America"
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Figure S1. Cross-Sections (50 km step) South to North (100-750). See Figure S2 for profile
section surface projection. For symbols see legend in last panel.

Figure S2. Down section profiles (50 km step). This figure shows the geographic position of
cross-sections relative to the new interface model. The MAT trench and Nicaragua-Costa Rica
coastline are represented with a thick and thin red line respectively.



Figure S1.
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