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[11 The 25 March 1990 (M,, = 7.0) subduction megathrust earthquake that occurred offshore the Nicoya
Peninsula, Costa Rica, produced a large number of aftershocks on the subduction plate interface as expected
and preceded an unusual sequence of earthquakes 75 km inland that had two periods of significant increase,
one at 60—90 days and one near 270 days, following the main shock. This inland sequence of events would
not typically fall within the classification of aftershocks given their spatial and temporal distance, and we
show here that this sequence was likely triggered by the 25 March main shock. We compute stress changes
on representative faults within this inland region using both a simple half-space model as well as with a 2-D
finite element model that incorporates variable rheologic properties. The half-space model predicts a minor
increase in Coulomb stress changes and a large amount of unclamping in this region, likely enough to cause
triggering on the inland right-lateral strike-slip faults. Models that include a viscoelastic response also
indicate stress increases that may link to triggering, particularly related to the time delay. Earthquakes on the
subduction zone thrust along Costa Rica should be considered in hazard assessments for the inland
populated region as several sets of strike-slip faults have been mapped in the fore-arc region.
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1. Introduction

[2] Following an earthquake, aftershocks typically
occur in the region of coseismic slip as the fault
plane readjusts to the postslip conditions. However,
static or dynamic stresses produced as a result of
coseismic slip during the main shock can trigger
earthquakes well beyond the typical aftershock
zone, up to 1000s of km away [e.g., Stein, 1999;
Steacy et al., 2004; Freed, 2005; Parsons, 2005].
The extent of the static triggering is limited to a
few fault lengths away from the main rupture as the
stress changes attenuate with distance from the
fault [Cotton and Coutant, 1997; Freed, 2005].

[3] This mode of earthquake triggering has been an
area of intense research since the recognition that
stress changes introduced from one seismic event
could lead to rupture of an adjacent section of the
fault, widely recognized in the Landers—Big Bear
sequence in California in 1992 [e.g., Hauksson et
al., 1993; King et al., 1994]. The Big Bear earth-
quake, approximately 30 km west of the Landers
epicenter, was a result of a 2—3 bar stress increase
induced from the Landers earthquake rupture 3 h
earlier [King et al., 1994]. Static stress triggering
does not only produce increased seismicity over
hours, but many aftershock sequences that go on
for days to years are explained by this mechanism
[e.g., Reasenberg and Simpson, 1992; Hardebeck
et al., 1998; Toda et al., 1998; Anderson and
Johnson, 1999; Lin and Stein, 2004]. The October
1999 M,, = 7.1 Hector Mine earthquake is believed
to be related to stress increases in the Landers—Big
Bear earthquakes [Dreger and Kaverina, 2000],
although other factors may have also influenced
this event.

[4] Dynamic triggering, the result of small dis-
placements on faults close to failure that are
produced by passing surface waves from other
earthquakes, is another primary mechanism to
influence both near- and far-field seismicity. Trig-
gered events can be a part of a near-field aftershock
sequence, or could be at some distance away from
the large event, such as those triggered in the
western U.S. as a result of passing surface waves
from the 1992 Landers [e.g., Hill et al., 1993] and
2002 Denali, Alaska earthquakes [e.g., Gomberg et
al., 2004]. Recent work suggests that dynamic
triggering is in fact a very common process, with
12 of a set of 15 M > 7.0 earthquakes showing
evidence of remote triggering within a few hours
after the rupture [Velasco et al., 2008]. The time
scale for dynamic triggering appears to be short

however, with triggering occurring in the minutes
to hours following the main earthquake.

[s] There are other secondary mechanisms that
arise because of the primary stress changes that
can also lead to earthquake triggering. These are
cases of earthquake triggering beyond a few fault
lengths from the main shock, but at weeks to
months afterward, much later than would be sug-
gested by the passage of surface waves. Parsons
[2005] discussed a model of “delayed dynamic
triggering” in which passing surface waves cause
physical changes to the fault that shortens the
recurrence rate for events on that fault. Changes
in hydrologic conditions may also be important for
earthquake triggering, as there have been observa-
tions of groundwater level changes following large
earthquakes [e.g., Roeloffs et al., 2003; Brodsky et
al., 2003; Brodsky and Prejean, 2005]. Fluid
pressures likely increase significantly in the near
field shortly after the slip event, thus acting to
decrease the normal stresses and affect seismicity.
However, these fluid pressure transients decay over
time, again modifying the stresses and seismicity
[Freed, 2005].

[6] Another possibility for delayed seismicity
changes is viscoelastic relaxation in the region
around the large event leading to increased stresses
and seismicity at some later time from the original
event [e.g., Freed and Lin, 1998; Pollitz and Sacks,
2002; Freed, 2005]. In these cases, the higher-
temperature lower crust and mantle deform elasti-
cally in response to the rapid coseismic slip, but
will relax over time, thus transferring stress into the
upper crust. This mechanism has been suggested
for the 1999 Hector Mine earthquake to explain its
7 year delay following the 1992 Landers earth-
quake sequence [Freed and Lin, 1998].

[7] Here we focus on issues of earthquake trigger-
ing within the Costa Rica portion of the Cocos-
Caribbean subduction plate boundary. In particular,
we examine the 25 March 1990 M,, = 7.0 subduc-
tion zone earthquake offshore the southern end of
the Nicoya Peninsula in the Nicoya Gulf region
(Figure 1). The subduction megathrust event was
not unusual for the region and produced a typical
aftershock pattern. More unusual was a sequence
of small magnitude earthquakes that began approx-
imately 75 km away from the epicentral area and
continued throughout 1990, with peaks of activity
between 60 and 90 days and around 270 days after
the main shock slip. Protti et al. [1995] suggested
that this inland seismic activity was triggered by
the 25 March event, but they did not quantify stress
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Figure 1. Map of western Costa Rica showing the
location of the 25 March 1990 earthquake (star). Focal
mechanism is from the inversion results of Protti et al.
[1995]. Features on the subducting Cocos Plate include
the Fisher Seamount Group (FS), the Quepos Plateau
(QP), and the Cocos Ridge (CR). MAT is the Middle
America Trench. Seismicity (red circles) includes all
earthquakes with local magnitude >1.3 located by the
OVSICORI seismic network (M. Protti and V. Gonzéles,
personal communication, 2007) within the 90 days
following the 25 March main shock. Gray circles show
earthquakes through the remainder of 1990 (25 June to
31 December). Box highlights the inland region of
seismicity that peaked approximately 75 days after the
main shock. Bathymetry data from Ranero et al. [2003].

changes from the 25 March earthquake to compare
with the inland activity. The present study exam-
ines this sequence in more detail by computing
static stress changes and those related to viscoelas-
tic relaxation to understand the spatial and tempo-
ral stress variations associated with this sequence.

2. Seismicity Details

[8] The 25 March 1990 (UTC 1322:55.6) M,,=7.0
earthquake occurred along the subduction mega-
thrust at the Middle America Trench (Figure 1). In
this location, the Cocos Plate subducts beneath the
Caribbean Plate at ~8.5 cm/a, leading to large
magnitude earthquakes on the subduction zone
plate interface. This earthquake had a focal mech-
anism (strike of 292°, dip of 26°, and rake of 88°
from Protti et al. [1995]) consistent with under-
thrusting at this subduction zone. On the basis of
the approximate aftershock area of 1000 km? and
seismic moment (M,) of 1.1 x 10*° Nm, we
estimate slip of 3 m averaged over this area. Details

of the slip distribution suggest that it may have
occurred in distinct patches related to a subducted
seamount at depth [Protti et al., 1995; Bilek et al.,
2003], although for our purposes here an average
slip over the fault area will suffice. We also test a
larger fault area of ~4000 km® as suggested by
Protti et al. [1995] and correspondingly smaller
fault slip (0.6 m) to explore how results will change
on the basis of the chosen fault geometry.

[o] This earthquake produced a typical aftershock
pattern of smaller events in the near-trench region that
decayed in time following Omori’s law (Figure 2).
During the period between the main shock and
31 December, the seismic network operated by the
OVSICORI (Observatorio Vulcanoldégico y Sismo-
logico de Costa Rica) seismological group recorded
thousands of aftershocks and cataloged the best
located 4683 events (M. Protti and V. Gonzales,
personal communication, 2007) (Figure 1). Earth-
quakes were located using the HYPOINVERSE
program with average horizontal location errors of
2.5 km and vertical errors of 5 km [Protti et al.,
1995]. These earthquakes range in local magnitude
from 1.3 to 6.8 (main shock).
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Figure 2. Seismicity through time in this region of
Costa Rica (region of Figure 1). Day 0 is 25 March 1990
(main shock). Catalog extends from 1 January 1990 to
31 December 1990, with a total of 5151 events.
Background level characterized by the pre—main shock
date includes 468 events, whereas 4683 total earth-
quakes are contained in the post—main shock catalog.
Large peak at day 75 (8 June) includes 119 events, the
largest being a magnitude 4.5 in the inland region
highlighted in Figure 1. Peak at day 273 (23 December)
includes 172 events, preceded by a magnitude 5.7 event
in the area on 22 December.
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Figure 3. Map (same as Figure 1) showing seismicity
during the period of 1 January 1990 to 24 March 1990.
There was seismicity in the region of the 25 March main
shock but very little activity (approximately 10 events)
in the inland region of seismicity increase seen
following the main shock (box).

[10)] An anomalous sequence of earthquakes oc-
curred inland of main shock slip region that did not
behave as a typical aftershock sequence. This is
also shown in Figure 2 as a large spike of activity
occurred on 8 June, 75 days following the main
shock and 23 December, 273 days following the
main shock. In general, there is an increase in the
activity rate from 65 to 90 days following the main
shock, then reduces until 22 December when an
M,, 5.7 event occurred within the inland region.
This event leads to another spike of activity with
172 events occurring on 23 December (day 273
following the main shock). Earthquakes in the 60—
90 day time period did not occur in the subduction
zone megathrust region, but instead occurred in the
inland region 75 km to the east of the main shock
slip zone highlighted in Figure 1. This activity
continued in the region throughout the rest of
1990. Note that this region was not previously
very seismically active, as very few (less than 10)
earthquakes occurred in this box during the 85 days
prior to the main shock (Figure 3). During the 60—
90 day period after the main shock, 493 events
occurred within this cluster, which is also in the
region of the mapped Holocene aged right-lateral
strike-slip faults within the Picagres fault system
[Montero et al., 1998] (Figure 4). These events
ranged in local magnitude from 1.7 to 4.5, with an
average depth of 10 km (range from 0 to 49 km).
During the 272-282 day period (22 December to
31 December), 426 events occurred in this region

with a magnitude range of 1.8—5.7 and average
depth of 12 km (0—85 km range).

3. Elastic Half-Space Calculations of
Stress Change

[11] In order to examine the possibility of inland
seismic triggering due to stress changes from the
1990 Nicoya event, we initially focus on stresses
related to Coulomb failure. The change in Coulomb
stress (Aoy) is related to a coefficient of friction (1),
change in pore pressure (Ap) and changes in shear
(A7) and normal (Aoc,) stresses on the plane of
failure by

Aoy = At + p(Ao, + Ap). (1)

[12] For this study, we compute Coulomb stress
changes due to slip in the 1990 Nicoya earthquake
using the methods and Coulomb 3.1 software
described by Toda et al. [2005]. These calculations
use elastic dislocation formulae to compute stresses
on receiver planes due to displacements within a
half-space with uniform elastic properties [Okada,
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Figure 4. Post—main shock seismicity within the
inland region of Figure 1 overlain with geologic map of
the region, showing mapped Holocene (solid) or
Quaternary (dashed) faults [Montero et al., 1998]. Global
CMT focal mechanisms plotted for the two largest
aftershocks (30 June 1990 M,, 5.5 and 22 December 1990
M,, 5.9). Fault and fault groups are labeled as follows:
A, Picagres fault system; B, Jaris Fault; C, Higuito Fault;
D, Agua Caliente Fault; E, Lara Fault. Note that much of
the seismicity clusters around the mapped group of right-
lateral strike-slip faults in the Picagres system. We use the
orientation of these faults (strike range from 325°-340°,
dip of 90°, and rake of 180°) for the calculation of
Coulomb stress change in this region.
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Figure 5. (top) Geometry used for Coulomb stress

change calculations. Star indicates the 25 March 1990
epicenter, with surrounding box representing the area of
slip (3 m of slip within the box). Fault geometry for this
earthquake is strike of 292°, dip of 26°, and rake of 88°,
consistent with underthrusting motion along the sub-
ducting plate interface. Trench position is shown by
thick line. (bottom) A cross section through the model
geometry, with the area of slip denoted by the bold solid
line. Trench position is shown by T.

1992; King et al., 1994; Toda et al., 2005]. Inputs
required are fault location, dip, model grid,
Young’s modulus (E), Poisson’s ratio (v), friction
(), regional stress field, and amount of slip. Our
model geometry is a reasonable approximation of
the subduction fault and slip for this earthquake,
using the trench location determined from bathym-
etry and a dip of 26° estimated from Protti et al.
[1995] (Figure 5).

[13] The elastic parameters, E and v, are constant
throughout the model space, as this modeling
technique does not allow for defining variable
material properties in the slab, overriding plate,
or along the plate boundary. Previous studies of
fault displacement and corresponding stress
changes have examined the results where E and v
vary within reasonable rock values and found only

small changes in the stress change results [e.g.,
Bilek and Lithgow-Bertelloni, 2005]. Here we use
reasonable values for the crustal rocks in this
system, E of 8 x 10* MPa and v of 0.25. The
friction coefficient along the fault is defined be-
tween the range of 0—1. Previous studies have used
values between 0.4 and 0.8, finding values near 0.4
more reasonable for subduction zone faulting [Lin
and Stein, 2004]. Regions of strike-slip faulting as
we find inland of the subduction fault may have
higher friction, near 0.8 [Lin and Stein, 2004], so
we test this value as well.

[14] Stress changes are calculated on receiver
planes oriented to represent the mapped Holocene
right-lateral strike-slip faults of the Picagres fault
system. These faults range in strike between 325°
and 340°, so we test fault orientations within this
range. Without further knowledge about the fault
orientations, we use a dip of 90° and a rake of
180°, reasonable values for a right-lateral strike-
slip fault. We also calculate stress changes over a
range of depths, from 5 to 15 km, bounding the
region of most of the cluster event depths (average
of 10—12 km).

[15] Values of Coulomb stress change computed on
right-lateral strike-slip receiver planes of 340°
strike show a multilobed pattern of increases and
decreases (Figure 6). General comparisons with all
of the aftershocks are not meaningful in this case,
as many of the near-trench aftershocks are likely on
the megathrust plane oriented differently than our
receiver fault. Our focus is on the stress changes in
the region of possible triggered events. Within this
cluster of events, stress increases as large as
0.2 bars are observed (Figure 6) on receiver faults
with a 340° strike. All of the inland events within
this cluster fall within areas of stress increase,
including those down to 30 km depth. Changing
the strike of the receiver faults within the geolog-
ically observed range of 325°-340° affects the
magnitude of the stress change. The maximum
value in the region of interest using the other
end-member strike of 325°, all other parameters
fixed, is 0.4 bars. Stress changes computed on
receiver faults oriented within this range vary
between these two values.

[16] Within this model, we also find that the small
increases in Coulomb stress observed at the inland
locations are driven by changes in the normal
stresses, effectively unclamping the receiver faults.
Normal stress changes in the area of interest are
0.8 bars for 340° strike receiver faults and 0.7 bars
on the 325° striking faults. This unclamping effect
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Figure 6. Coulomb stress changes as a result of slip
along the subduction interface during the 25 March
1990 earthquake. (top) Stress changes (map view) are
computed for receiver faults of orientation similar to the
Picagres faults (strike 340°, dip 90°, and rake 180°),
shown by dashed line in top right corner of map. Green
line represents the trench location, red box indicates area
of slip during earthquake, and circles are earthquakes
occurring in the region within the 90 day period
following the earthquake. Calculation depth shown here
is 10 km, and coefficient of friction is 0.4. (bottom)
Cross section through region of inland cluster. Stress
changes here are less than 1 bar, with a maximum value
in the inland cluster of 0.2 bars.

on fore-arc strike-slip faults has also been noted for
faults in the northern Caribbean subduction system
[ten Brink and Lin, 2004].

[17] Previous studies have suggested stress changes
of over 0.5 bar in regions of triggered seismicity
[King et al., 1994], so this inland region falls below
the triggering threshold based on the parameters
described above. Thus we investigate how other
model parameters may impact the stress changes in
this region. First we modify the Young’s modulus
used to define the elastic properties of the entire
model. Our initial (and preferred) model choice of
8 x 10* MPa has been used to examine stress
changes in other subduction zones [Lin and Stein,
2004] and is also reasonable on the basis of the

average crustal velocities used by Protti et al
[1995] for locating the earthquakes. Using higher
average crustal velocities of V,, = 6.5 km/s in the
back arc as determined by Sallares et al. [2001] and
DeShon et al. [2006] for portions of northern Costa
Rica, the Young’s modulus is larger at 1 x 10° MPa.
Increasing the Young’s modulus acts to increase the
Coulomb stress change in the area of interest, and
we find a maximum of 0.4 bar for a 340° strike
receiver fault and 0.7 for a 325° strike fault. Stiffer
material within the model allows for more effective
transmission of stresses, thus producing the
increases seen here.

[18] We also modify the coefficient of friction used
for these faults. Because the faults of interest are
relatively short strike-slip faults, a higher value of
1 (0.8 instead of the original 0.4) might be more
reasonable [e.g., Lin and Stein, 2004]. Using a px =
0.8, we observe similar patterns to the result using
u = 0.4 (Figure 7). The magnitude of stress
changes in the region of interest increases with

h =10 km
u=0.38
fault: 340/90/180

Coulomb Stress Change (bar)

©
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Figure 7. Coulomb stress changes as a result of slip
along the subduction interface during the 25 March
1990 earthquake (same as Figure 6 but using a friction
coefficient of 0.8). The pattern of stress change is
similar to that for Figure 6, but the magnitude is slightly
different. Stress changes in the cross section are also less
than a bar, but the maximum value in the inland cluster
region is approximately 0.5 bars.
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Figure 8. Coulomb stress changes as a result of 0.6 m
of slip along an extended area along the subduction
interface [Protti et al., 1995]. Other parameters are the
same as Figure 6. Magnitude of stress increases within
the inland region range between 0.2 and 0.3 bars.

larger p, as we calculate a maximum Coulomb
stress change of 0.5 bar on 340° strike receiver
faults and 0.8 bar at 325° strike. Finally, we modify
the fault area and slip, using a lower estimate of
slip (0.6 m) over a larger area as suggested by
Protti et al. [1995] on the basis of the expansion of
the aftershock pattern. We continue to see an
increase in Coulomb stress in the inland region
with magnitudes of 0.2—0.3 bars (Figure 8). Al-
though there is less slip during the main shock, it
occurred over a larger area that extends closer to
the inland region of interest.

[19] Using the suite of model parameters described
above, we find small increases that barely meet the
commonly assumed minimum values for trigger-
ing. Thus it is possible that these events are simply
triggered by the very small static stress increases

from the 25 March event. However, because the
60-90 day delay before the peak of the first
sequence, we also choose to examine one second-
ary triggering mechanism, that of viscoelastic re-
laxation, to see if this could also be a factor in the
delayed triggering of these events.

4. Finite Element Modeling With
Variable Material Parameters

[20] The viscoelastic response of the subduction
zone system acts to modify stresses in the system
over a period of time and cannot be addressed in
the purely elastic model parameterization described
in the previous section. Thus we use a commer-
cially available finite element program (ABAQUS)
that provides the freedom to generate realistic
model geometry as well as model material proper-
ties relevant for a subduction zone system. This
type of model has been used effectively to model
faults with multiple layered rheology and in sub-
duction zone settings [e.g., Taylor et al., 1998;
Kenner and Segall, 1999; Masterlark et al., 2001,
Masterlark, 2003].

[21] Because of the geometric complexity, this
paper provides only a 2-D representation of slip
in a subduction zone, modeled after the geometry
of central Costa Rica in plate thickness and dip
angle. Because of the differences in parameteriza-
tion of the slip, geometry, and boundary condi-
tions, results here will not be useful for direct
comparison with the Coulomb results. Our goal
here is to look at general features relevant to our
region of interest. Specifically, is there an area
~100 km from the trench that shows an increase
in stress in response to slip from a M 7 earthquake
on the boundary within the time period of interest?

[22] The 2-D model geometry is similar to that
generated in the previous case, but we have added

8.5 cm/yr

700 km

lip:
E-80x100Pa,v=025 o ldom

E=5.6x10""Pa, v=0.25

36 km boundary (no slip below 36 km)

E=1.5x10"" Pa
v =0.25
1 = 5.6x10"° Pa-s (for viscous model)

RRREE

'

zero velocity
condition

Figure 9. Schematic of the FEM used for the Costa Rica geometry. Slip of 3 m is applied along the upper plate
boundary. A velocity of 8.5 cm/a is applied on the left edge of the model to represent average convergence rate at this
region. The top right edge of the model is held fixed by a zero velocity boundary condition to mimic the overriding
plate backstop. Upper oceanic crustal material (from 0 to 36 km) is defined bg a Young’s modulus (E) of 8.0 x 10'° Pa

and Poisson’s ratio () of 0.25. We use a reasonable value of E = 5.6 x 10"

Pa for continental crust. We use an E of

1.1 x 10" Pa and v of 0.25 for the mantle material down to 160 km. For these viscoelastic simulations, a viscosity
(n=5.6 x 10" Pa s) is applied to the mantle material to produce the viscoelastic behavior for the mantle.
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additional layers to mimic the subducting slab and
overriding plate (Figure 9). The model dimensions
are 700 km perpendicular to the trench and 160 km
in depth extent to reduce problems with edge
effects within the model. Individual components
of the model are parameterized with material
properties appropriate for continental crust, sub-
ducting oceanic crust, and mantle (Table 1). There
is a boundary at 40 km depth in the model
indicating the transition from crust to mantle. This
boundary depth is reasonable on the basis of crustal
thickness results of 36—40 km using receiver
functions in this region (stations LSOL and ZAPA,
[MacKenzie et al., 2008]) as well as regional
estimates of the continental Moho from 3-D veloc-
ity models of DeShon et al. [2006]. We also tested
the effect of reducing the crustal thickness to
27 km, which is the shallowest Moho depth found
by MacKenzie et al. [2008] within central Nicoya
Peninsula and changing the dip to reflect an
increase at the downdip edge.

[23] Slip and boundary conditions are applied
along the dipping boundary and the sides of the
box. Slip of 3 m, reasonable for the displacement
of this earthquake, is applied using a tangential (or
relative) sliding between the upper and lower plates
along the dipping boundary from the surface to the
downdip crustal boundary. A friction coefficient of
0.4 is applied along the dipping boundary. A zero
velocity condition is applied along the upper
right edge of the model containing the upper plate,
thus holding this portion of the model fixed. This is
a reasonable condition for our subduction zone
geometry, with the margin wedge held fixed against
a landward backstop. A velocity of 8.5 cm/a was
applied on the entire left edge of the model to
represent the convergence of the subducting Cocos
Plate at the trench.

[24] We parameterize a viscoelastic mantle using
the finite element model (FEM) to allow for relax-
ation in the mantle following the slip at time = 0.
This was achieved by adding a power law creep
component to the layer below 40 km using the FEM
defined creep material options. The creep model is
defined as

2 = (Aq"[(m + DE]")7 @

where € is the uniaxial equivalent strain rate, € is
the uniaxial equivalent creep rate, q is the uniaxial
equivalent deviatoric stress, and A, m, and n are
user defined quantities dependent on viscosity,
time, and strain respectively. Here we use n =1 and
m = 0 for the exponents for strain and time, making

Table 1. FEM Material Parameters
Young’s
Material Modulus (Pa) v 1 (Pa s)
Continental crust 5.6 x 10'° 0.25
Oceanic crust 8.0 x 10'° 0.25
Mantle 1.1 x 10" 0.25 5.6 x 10"

this relationship linear, and mimicking a Newtonian
solid. Viscosity and other elastic parameters used
for this model are given in Table 1. The mantle
viscosity used here (5.6 x 10'? Pa s) is consistent
with values used to examine postseismic relaxation
in Japan (6 x 10" Pa s [Pollitz et al., 2006]), and
following the 2004 Sumatra earthquake (10"~ Pa s
[Pollitz et al., 2008]). With this model, we compute
stresses for 14 increasing time steps from 1 s
following the applied slip, to 120 days in 15 day
increments to cover the time period of increased
seismicity, to 4 years with much larger time
increments to explore the longer-period behavior
of the model. Because our goal here is only to probe
whether stresses within the inland area could be
affected by the viscoelastic relaxation and not a
direct comparison with the Coulomb stress change
results presented above, we show the von Mises
stress magnitudes as a measure of the deviatoric
stress (Figure 10).

[25] Maximum stress occurs in the first 1 s time step
in a small region at the top of the mantle material
beneath the overriding crust within the model. The
peak stress at each subsequent time period
decreases from the 1 s value and remains concen-
trated at the crust-mantle boundary between the
dipping interface. However, more relevant to the
problem here are stresses within the inland region
of high seismicity levels (box in Figure 10). Within
the first several time steps out to 15 days following
the applied slip, stresses within the inland region are
small at a few MPa, not above the background level
of the model (Figures 10a—10c). At the 30 day time
step, stresses increase above the background level
in this region to above 100 MPa (Figure 10d).
Stress levels within the inland region remain high
(above 230 MPa) through the 150 day time step
(Figure 10h). Following this time step, the inland
stress values decrease through the 4 year time step
(Figures 10i—10n). The pattern of stress increase
and decrease reflects the finite time scale for the
propagation of the viscous stresses within the
mantle and is consistent with the seismicity increase
between 60 and 90 days. Again we note that the
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Figure 10. Stress changes within the viscoelastic 2-D model due to displacement along the interface. T indicates the
trench position, and the black box outlines the area of the inland seismicity cluster. von Mises stresses (combination of
o1 and 0,) are plotted (color bar) for the elements in the model for 14 time steps: (a) 1s, (b) 1 day, (¢) 15 days, (d) 30 days,
(e) 45 days, (f) 60 days, (g) 75 days, (h) 90 days, (i) 105 days, (j) 120 days, (k) 150 days, (1) 300 days, (m) 2 years, and
(n) 4 years. Early time steps show very little stress within the inland region; however, by 30 days, there is an increase in
stress within this area by 130—230 MPa. At the 300 day time step, stresses in this region drop below 100 MPa and
continue to decrease in value through the 4 year time step (Figure 10n). Peak stresses appear at the prescribed boundaries
between model components, such as at the continental crust, slab, and mantle boundary (~450 km from the edge of

model).

exact values of the stress are less important here
than the qualitative observation of an increase in
this region due to the incorporation of the visco-
elastic mantle.

[26] We tested a range of dynamic viscosities
between 2 orders of magnitude from our original
value of 5 x 10" Pa s. Because we hold the
velocities constant, the effect of the change in
viscosity is to change the magnitude of the stresses,
but not the overall spatial distribution. Stress
increases were larger for lower viscosities and
smaller at larger viscosities as expected for a linear
rheology. In addition, the time scale of the stress
changes is affected by the viscosity differences,
with more rapid transmission of stress changes for
the lower-viscosity mantle and longer time to
observe changes for the more viscous mantle. We
also reduced the crustal thickness to 27 km, finding

similar magnitudes of stress, but the entire pattern
shifts trenchward because the slab/mantle bound-
ary is shallower, bringing larger stresses into the
region of inland seismicity. Similarly, we increased
the dip of the slab between 26 and 45° [e.g.,
Norabuena et al., 2004] and again we see the
increases stresses move trenchward, increasing
the stress magnitudes in the inland seismicity
region.

[27] Clearly a 3-D model including realistic rheo-
logic parameters is desired to more completely
understand the role of the viscoelastic relaxation
on this delayed seismicity; this however is beyond
the scope of this paper. The 2-D model does show
an increase in stress within the time scales of
interest however, larger than we see for the coseis-
mic increases only. This result allows us to suggest
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that viscoelastic relaxation is a possible mechanism
for the delayed triggering of these events.

[28] Taylor et al. [1998] examined stresses within
the upper plate following large earthquakes in
oblique subduction zones such as the Aleutians.
Using a 3-D FEM, they computed Coulomb
stresses resulting from oblique slip along a portion
of the megathrust, finding zones of upper plate
stress increases in the areas where subsequent large
earthquakes occurred within days to years. They
focused primarily on the larger events in oblique
zones, but we find similar results for the Costa Rica
margin with less oblique convergence.

5. Discussion

[20] The inland seismicity that increased in 2
distinct time periods, 60—90 days and 270 days,
following the 25 March 1990 subduction zone
event had previously been suggested as triggered
events [Protti et al., 1995]. Results from stress
change modeling using purely elastic material
parameters show small increases of up to 0.8 bars,
depending on the elastic parameters and coefficient
of friction. The time delay is another interesting
aspect of this earthquake sequence, leading to a
possible delayed triggering mechanism of visco-
elastic relaxation of the mantle beneath the fault
zone.

[30] Other possibilities exist for delayed triggering,
and we review these below. Poroelastic effects as
well as more complex friction parameterization,
such as rate- and state-dependent friction, might be
important for triggering here as has been suggested
for other areas, but we do not explore these
parameterizations here. We do not suspect dynamic
triggering of these events by the passage of surface
waves following the 25 March event as the time
delay is much longer (weeks to months) than the
minutes to hours expected for dynamic triggering
from the main shock. Additionally, there was no
large magnitude event during this time period that
has characteristics (appropriate distance, directivity
effects) required to cause dynamic triggering of
these events.

[31] It appears that not all large magnitude earth-
quakes along this margin produce time delayed
triggering. The 20 August 1999 M,, = 6.9 Quepos
earthquake had a typical aftershock pattern with no
noticeable inland clusters, although there are no
mapped strike-slip faults inland of this region
[Montero et al., 1998].

[32] This study also suggests a need to examine the
inland seismic hazard within Costa Rica. Much
effort has been placed on defining past earthquakes
and recurrence on the subduction megathrust at the
Middle America Trench. However, there are many
strike-slip faults inland of this section of the
subduction zone. On the basis of the regional stress
field for this region as estimated from the World
Stress Map [Heidbach et al., 2004], and slip on the
megathrust oriented at 290° strike, the optimally
oriented right-lateral strike-slip faults within this
inland region strike at approximately 345°, similar
to the 325-340° strike of the Picagres system
examined here. It is also similar to the 310—-335°
strike orientation of the Higuito and Lara faults
(Figure 4). The cluster of earthquakes triggered
here were generally small magnitude (less than
M 4.5) and appear to be located on relatively short
segments (<5 km long) in the Picagres fault system
(Figure 4). However, there are longer (15—20 km)
mapped fault segments, such as the Jaris, Higuito,
and Lara fault systems, which are also roughly
optimally oriented, that are located within 20 km of
San Jose, Costa Rica. The population of San Jose
and the surrounding Central Valley reaches over
2 million.

[33] Interestingly, ten Brink and Lin [2004] argued
that stress changes resulting from repeated large
earthquakes can influence the deformation of the
fore arc, specifically the orientations of optimally
oriented strike-slip faults. In both general models
as well as specific cases in the northern Caribbean
subduction zone, they found earthquake ruptures
with small slip angles relative to the convergence
direction tend to influence strike-slip faults further
from the trench. This connection between large
earthquake ruptures and regional strike-slip faults
is similar to our results for the Costa Rica case.
Repeated M ~ 7 subduction zone earthquakes
offshore this portion of central Costa Rica may
be linked to the orientation of the inland strike-slip
faults.

[34a] We show here that triggered seismicity is
certainly possible on these inland faults following
a large subduction zone earthquake in the Nicoya
Gulf region of the Middle America Trench. Protti
et al. [1995] estimated a recurrence time of 50 years
for events in the Nicoya Gulf region. Because the
25 March 1990 earthquake was likely the result of
rupture of a subducted seamount contact with the
overriding Caribbean Plate [Protti et al., 1995;
Husen et al., 2002; Bilek et al., 2003], the rupture
area and magnitude of the earthquakes in this
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Figure 11. Coulomb stress change estimates as a result
of a 1950-type M,, = 7.7 earthquake on the subduction
thrust. Epicenter of the 1950 earthquake (star [Protti et
al., 1995]) and estimated rupture area (red box [Avants
et al., 2001]) are used to compute stress changes.
Subduction zone geometry is estimated from DeShon et
al. [2006]. Stress changes are computed on right-lateral
strike-slip receiver faults oriented with a 340° strike for
comparison with Figure 6. Friction coefficient is 0.4.
Triangle shows location of San Jose, and the black box
outlines region of strike-slip faulting in Figure 4.
Maximum stress changes at 10 km within this box are
0.6 bars, with values between 0.4 and 0.6 bars computed
on receiver faults with a range of mapped orientations of
310°-340°. Increased j for these faults increases the
stress change values in the box, similar to that seen in
Figure 7.

segment are likely limited to the M ~7 range. Thus
the stress changes and implications for inland
triggering shown here are reasonable estimates
for future Nicoya earthquakes and other central
Costa Rica earthquakes where other seamounts
subduct and influence earthquake rupture.

[35] However, the Nicoya Peninsula region, north
of the Nicoya Gulf, has ruptured in earthquakes of
M > 7.5 [Protti et al., 1994]. Rupture estimates for
the M,, = 7.7 1950 underthrusting earthquake cover
much of the Nicoya Peninsula [Giiendel, 1986;
Avants et al., 2001]. On the basis of the historical
catalog, Nishenko [1989] listed this region as a
significant seismic gap. In the Nicoya Peninsula
region, Cocos crust originating from the East
Pacific Rise is much smoother than the sea-
mount-dominated crust that originated at the Cocos
Nazca spreading center and subducts beneath cen-
tral Costa Rica. The smoother crust may allow for
stronger plate coupling and larger earthquakes in
the Nicoya Peninsula region than in central Costa
Rica [Protti et al., 1994, 1995]. Norabuena et al.

[2004] inverted GPS velocities measured along the
Nicoya Peninsula to find a patch of strongly
coupled plate interface in the shallow portion of
the megathrust. Thus an M > 7.5 earthquake is
quite possible along this portion of the margin.
Using the rupture area and size of the 1950
earthquake, we compute possible Coulomb stress
changes due to the 1950 earthquake along faults to
the southwest of San Jose. Our results suggest
increases of 0.4 bars in the area and orientation
of the Higuito fault, 0.5 bars in the area of the Jaris
fault, and 0.6 bars on the faults in the Picagres
system (Figure 11). Because of the longer length of
the Higuito and Jaris faults relative to the Picagres
system, triggered events on these faults might be
larger magnitude and of more concern for hazard
assessments of the capital region.

6. Conclusions

[36] The 1990 Nicoya earthquake along the central
coast of Costa Rica produced a typical aftershock
sequence of earthquakes likely on the subduction
megathrust zone as well as a secondary set of
earthquakes between 60 and 90 days and 270 days
following the main shock 75 km inland from the
slip zone. We suggest that these events were
triggered by the 1990 main shock, through either
minor increases in Coulomb stress within the
region or in combination with viscoelastic relaxa-
tion of the underlying mantle. Coulomb stress
increases along mapped right-lateral strike-slip
faults in this region tend to be small (<1 bar), but
very close to accepted triggering thresholds.
Stresses arising between 30 and 150 days follow-
ing the slip within a viscoelastic FEM also increase
inland of the rupture zone. Thus a combination of
these stresses is a plausible explanation for both the
spatial and temporal seismicity patterns observed
after this earthquake. Because of other optimally
oriented strike-slip faults mapped inland of the
trench, we suggest that hazard assessments for
the San Jose region include possible triggering
from megathrust events 100 km away at the Middle
America Trench.
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