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Abstract At the continental margin of north Costa Rica
and Nicaragua, the strongly hydrated Cocos Plate subducts
beneath the Caribbean Plate. From the downgoing Cocos
plate fluids are released through extensional fractures in the
overriding plate. At the seafloor, they form fluid seeps,
mounds and other types of fluid expulsion. Using an off-
shore temporary seismic network, we investigated seis-
micity possibly related to these processes and observed
several swarms of earthquakes located on the continental
slope trenchward of the seismogenic zone of S Nicaragua.
The seismicity occurred within the downgoing plate, near
the plate interface and in the overriding plate. We interpret
these swarm events as an expression of pore pressure
propagation under critical stress conditions driven by fluid
release from the downgoing plate. In order to estimate
hydraulic diffusivity and permeability values, we applied a
theory developed for injection test interpretation to the
spatio-temporal development of the swarms. The resulting
diffusivity and permeability values are in the ranges of
28-305m*s and 32 x 107" m>-35.1 x 107" m?,
respectively, applying to the continental and oceanic crust
near the plate interface. These values are somewhat larger
than observed in drill logs on the margin wedge off north
Costa Rica, but of comparable magnitude to values esti-
mated for the Antofagasta 1995 earthquake aftershock
sequence.
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Introduction

Along the world’s convergent margins, fluids are continu-
ally recycled from the ocean floor into the crust and upper
mantle and back to the Earth’s surface and interior. Water
and other volatiles are carried into the subduction zone
with the downgoing plate by sediments and hydrated oce-
anic crust and mantle. They are released at different depth
and along different pathways along which the presence of
fluids causes a variety of processes, from shallow seeps
providing home to chemosynthetic life forms to the posi-
tion and extent of the seismogenic zone and volcanic arc
(Ranero et al. 2008; Riipke et al. 2004).

Offshore north Costa Rica and Nicaragua, the strongly
hydrated Cocos Plate subducts beneath the Caribbean Plate
along the erosional Central American margin (deMets et al.
1994; Ranero and von Huene 2000; Vannucchi et al. 2001,
2003). Unlike in accretionary margins, where fluids released
by dehydration reactions under the continental slope typically
migrate upwards along the décollement and major splay
faults, fluid release at erosional margins seems to occur
through numerous fractures in the overriding plate driven by
extensional tectonics (Ranero et al. 2008). Fluid seeps in this
region have been observed at abundant seafloor mounds and
other types of fluid expulsion; typically, they appear as side-
scan sonar backscatter anomalies and are identified by the
presence of chemosynthetic communities and by character-
istic chemical anomalies in the pore water (Bohrmann et al.
2002; Hensen et al. 2004, 2007; Sahling et al. 2008; Klaucke
etal. 2008; Karaca et al. 2010). In characterizing the dynamics
of fluid transport, these approaches have suffered from the fact
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that most mounds are only intermittently active, and some
indicators such as authigenic carbonates cannot tell whether a
seep is still active. Others, like geochemical anomalies and
flux calculations, provide a measure for the current state of
activity, but cannot be used for long-term prediction. It is well
known from laboratory and field observations that pore
pressure variations play a crucial role in triggering earth-
quakes. Micro-seismic swarms caused by fluid injection into
boreholes have been used to monitor the propagating pore
pressure front (Shapiro et al. 1997, 1999, 2002; Shapiro 2000).
Here, we present data from a temporary seismic network in
order to propose that natural small magnitude earthquake
swarms can also be monitored as a complementary technique
for investigating fluid migration processes.

This approach offers the opportunity to characterize the
spatio-temporal migration of pore pressure on a quantita-
tive basis. In fact, the determination of hydraulic conduc-
tivity is an important and extremely difficult task of
geophysics (Shapiro 2000), which has only rarely been
carried out in the natural environment, undisturbed by
drilling or active fluid injection experiments. Therefore, the
seismic swarms observed offshore Costa Rica and Nica-
ragua present a unique possibility to learn about the pore
pressure diffusion in this region and estimate critical
parameters such as hydraulic diffusivities and permeabili-
ties. In addition to giving insight into the seismicity pro-
cess, this is of high interest also for ocean drilling projects
such as the ongoing IODP deep-sea drilling project
“CRISP” (Ranero et al. 2007; Vannucchi et al. 2010).

Hydro-tectonic setting
Fluid flow at the erosional Central American margin

Offshore north Costa Rica and Nicaragua the Cocos Plate
subducts beneath the Caribbean Plate along the erosional
Middle America Trench (deMets et al. 1994; Fig. 1). In
addition to pore fluids in the subducting sediments and
crust, the incoming plate carries a large amount of miner-
ally bound water. On the one hand, this is water carried by
abundant smectites and opal in the hemipelagic section of
the subducting sediments (Spinelli and Underwood 2004),
on the other hand, bending-related faulting provides path-
ways for sea water to enter the slab and hydrate the slab
crust and mantle before entering the trench (von Huene
et al. 2000; Ranero et al. 2005; Grevemeyer et al. 2007,
Ivandic et al. 2008).

Over the past years, the following scenario for fluid
migration pathways in non-accretionary subduction zones
has emerged (Fig. 2; Hensen et al. 2004; Ranero et al. 2008;
Saffer and Tobin 201 1): a small frontal prism is followed by a
back stop presenting an extension of onshore geology.
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Elevated pore fluid pressure in the frontal prism reduces the
décollement friction, so that nearly the complete trench
sediments can be subducted. Under the slope, fluids released
from the subducted plate hydro-fracture the overriding plate,
eroding it at its base and migrating upwards through exten-
sional faults to be released at ocean floor vents. Some are also
channelled towards the back stop of the sedimentary prism.
Dehydration reactions are strongest under the mid-
forearc, where temperatures of 60-120 °C cause the tran-
sition from smectite to illite, most likely the largest source
of dehydration water at shallow depths of subduction.
Below, fluid release ceases corresponding to the onset of
the seismogenic zone (Hyndman et al. 1997; Oleskevich
et al. 1999). Oceanic crust and mantle dehydration pro-
cesses mainly occur below the mantle wedge at much
higher temperature and pressure conditions (e.g. Riipke
et al. 2002), which is not within the scope of this study.

Mud volcanoes and diapirs at the Costa
Rican/Nicaraguan margin

On the middle slope of the continental margin offshore
north Costa Rica and Nicaragua, a large density of mud
diapirs, mud volcanoes and other fluid emanation sites is
observed at water depths of ca. 1,000-2,500 km (Kahn
et al. 1996; Bohrmann et al. 2002; Mau et al. 2006;
Talukder et al. 2007; Sahling et al. 2008; Petersen et al.
2009). Among the mounds, Mound Culebra is one of the
largest, reaching an elevation over 100 m and an area of
more than 1 km? Most mounds are cone-shaped features
with typical elevations of 10-100 m and 100-1,000 m
width (Soeding et al. 2003; Sahling et al. 2008). Many of
the mounds are characterized by the presence of authigenic
carbonates and chemosynthetic communities (Han et al.
2004; Sahling et al. 2008) fed by active seepage of meth-
ane-rich fluids released at greater depth (Hensen et al.
2004; Schmidt et al. 2005; Karaca et al. 2010).

High-resolution seismic studies of the shallow subsur-
face at Mound Culebra showed that reflectors beneath the
mound flanks are bending upwards, then terminate, leaving
the mound interior largely free of reflections. This was
interpreted as a disruption of the geological structures due
to fluid and gas ascent, an interpretation which is supported
by elevated heat flow values indicative of fluid advection
(Moerz et al. 2005; Fekete 2006).

Data and method
Seismological data

In the framework of the SFB 574 project on “Volatiles
and Fluids in Subduction Zones”, 20 ocean bottom
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stations with good timing accuracy and data quality
(Fig. 1).

The continuous data recordings were searched for
earthquake signals by an automatic STA/LTA algorithm
followed by a network trigger. The events were then
manually picked for analysis and localized using the seis-
mic velocity model of Berhorst (2006).

Several swarms of earthquakes appear to be present in
the data set. Three episodes of swarm activity occurred
near mound Culebra in December 2005, January 2006 and
March 2006, lasting 3-5 days each (Fig. 3). We use the
HypoDD routine (Waldhauser and Ellsworth 2000; Wal-
dhauser 2001) to distinguish different swarms and
improve the relative location of the events in the swarms.
For the localisation, we rely on the relative onset times
that could be determined with high accuracy because the
events show highly coherent waveforms (Fig. 5). The
relative locations obtained by this algorithm proved to be
very stable; absolute location, however, is less well con-
strained. Still, the depth can be estimated from the fact
that we observe a travel time difference between the P-
and S-wave onsets of about 4 s at the station 0108,
directly above the swarms. Assuming an average P-wave
velocity of 3.5 km/s for the continental slope (Berhorst
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2006) and a V,/V; ratio of 1.8 (Dinc et al. 2011), we
obtained a hypocentral depth of about 15-19 km. The
events hence occurred near the plate interface which is
located at ca. 15 km depth in this region.

The magnitude of the events could not be directly cal-
culated from these records. Fortunately, five events listed
in ISC online bulletin (2011) were recorded independently
by Nicaraguan and Costa Rican land stations. From these
events, only the ML = 3.0 event on 10 December 2005
presented readable signal (not clipped) in OBS 0108. Using
this event as reference, the relative amplitude ratio could be
used to estimate the magnitude of the other events.

Hydraulic model

In the theory relating pore pressure propagation caused by
hydraulic tests with induced micro-seismicity it is gener-
ally assumed that the crust is in a near-critical state of
stress, where a small increase in pore pressure will create
clouds of micro-seismicity due to the changes in effective
normal stress and friction coefficients (Shapiro et al. 1997,
1999, 2002, 2003). The migration of the pore pressure
perturbation p with time ¢ in the rock is governed by the
diffusion equation
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p
— =DV? 1
3 p (1)
(Biot 1962; Shapiro et al. 1997), where the hydraulic
diffusivity D is given by
Nk
D=—. (2)
n
Here, k denotes the permeability, # the dynamic viscosity
of the pore fluid and N the poroelastic modulus depending
on the elastic moduli (bulk moduli K and shear moduli u)
of the whole rock (with porosity ¢), of the grains and fluid
(indexed correspondingly). Index “dry” denotes the
corresponding properties of porous rock without pore fill:

MPy,.
N=""% (3)
H
Kdry
a=1- , 4
Kgrain ( )
-1
% “— @
M= + , 5
(Kﬂuid Kgrain) ( )
H = Pgy + o*M (6)
and
4
Pdr}’ = Kdry + g:udry' (7)

Pgry is the P-wave modulus for a dry rock, H is the P-wave
modulus of the grains, M is the average bulk modulus of a
wet rock, o is the relative difference between the bulk
modulus of the grains and the dry rock, this leads to:

k= l—i—az xnxD (8)
“\M Py

An initial perturbation pulse in pore pressure will spread
out, producing a growing cloud of events. The time
dependent radius r(#) of the propagation front r(f) can be
approximated by the relationship

r(t) = V4nDt 9)

valid for the case of an isotropic medium (Shapiro et al.
1997). The r—t-relation observed from the spreading seis-
micity cloud can be used to determine the diffusivity and to
estimate the permeability of the medium.

While this approach is generally used in the context of
fluid injection experiments at boreholes, Shapiro et al.
(2003) applied the same parameterisation to the aftershock
sequence of the 1995 Antofagasta earthquake and found a
spatio-temporal behaviour consistent with fluid triggering.
Along the same line of thought, we use this approach for
the observed seismic swarms.

Following the interpretation by Shapiro et al. (2003), we
consider seismic swarms as starting from an injection or

nucleation point. From the nucleation point, a pore pressure
perturbation cloud is supposed to spread out in radial
direction, triggering earthquakes near to the propagation
front, but also within the affected volume.

For each event in a swarm, the distance and the time of
each event relative to the nucleation point can be calculated
and plotted. The envelope of all data points in the distance-
time diagram shows the temporal evolution of the propa-
gation front of the pressure perturbation, which can be
approximated by a parabolic shape (Eq. 9). In a log—log
diagram, a straight line with a slope of 0.5 corresponds to a
constant diffusivity D. In a first approach, we used the
hypocenter of the first event in a swarm as the nucleation
point. Times and distances relative to this first event were
calculated and plotted in a log—log diagram. Lately, a grid
search around the hypocenter of the first event was per-
formed to find a nucleation point for which the envelope of
the data points corresponds to a line of constant diffusivity
D. For estimating the diffusivity, we determined the
envelope lines below which 75, 90 and 98 % of the events
fall considering the 75 % envelope as a minimum estimate,
the 90 % envelope as the mean value and the 98 % enve-
lope as a maximum estimate of the diffusivity.

Results
Swarms near Mound Culebra

The identification of swarms in our earthquake catalogue is
performed on the grounds of continuous activity and spatial
proximity. Three swarms occurred near mound Culebra
between December 2005 and March 2006 (Fig. 3) showing
seismicity rates up to 70 events per day. Between the
swarms, the seismicity rate is less than 5 events per day.

December 2005 swarm

The swarm started in the final hour of December 9th and
lasted until December 13th. It consists of 25 earthquakes
including three earthquakes on December 10th with a local
magnitude ML of 3.4, 3.0 and 3.3, respectively (ISC Online
Bulletin 2011). The magnitude of the other events ranges
from 1.5 to 3.0. They form a spatial cluster in the down-
going slab near to the oceanic Moho with hypocentral
depths of about 18 km (Fig. 4, top). The cluster has a
linear, trench parallel shape. Its horizontal extent is about
8 km. The location of the earthquakes propagates with time
from the northwest to southeast. The P-waveforms of sta-
tion 0108 located directly above the swarm are highly
coherent indicating a uniform mechanism for all earth-
quakes (Fig. 5). This possibly suggests that a bending-
related fault had been activated during the swarm.

@ Springer



1794 Int J Earth Sci (Geol Rundsch) (2014) 103:1789-1799
Fig. 4 Detailed view of seismic A distance in km B
swarms at mound. Cu!ebra 86.6°'W 86.4°'W 86.2°W 86°W 0 10 20 30 40
(colour coded as in Fig. 3). Top . . A L0108 ) A
to bottom: map views and depth 10.6°N # H 0 [ Sfe———— 0
profiles of December 2005, A A i I
January 2006 and March 2006 B
swarms I E 10 - L 10
. * 0108 -
10.4°N A““’.@ K = ] |
“: A & 20 - L 20
A * I ©
10.2°N A * B 1 I
® 30 — 30
20 km
T T T T T T T
86.6°'W 86.4°'W 86.2°W  86'W 0 10 20 30 40
A distance in km B
86.6°'W 86.4°'W 86.2°W  86'W 0 10 20 30 40
T T H 0 ) | 0108 ) | 0
i s .
10.6°N A A |
£ 10 . - 10
10.4'N £ | R |
<
3 20 - 20
°
10.2°N i I
30 - 30
20 km H
T T T T T
86.6°'W 86.4°W 86.2°W 86°W 0 10 20 30 40
A distance in km B
86.6'W 86.4'W 862'W  86°W 0 10 20 30 40
| — | H 0 . o108 . o
o # M
10.6°'N A A |
B
* 0108 I E 107 & -1
10.4°'N Dt £ |
<
* = .
3 A ® 20 - 20
A * I ©
10.2°N A * B 1
® 30 — 30
20 km
T T T T T T T
86.6°'W 86.4°'W 86.2°W  86'W 0 10 20 30 40

January 2006 swarm

This swarm occurred between 16 and 19 January 2006
with the main activity on 16 January 2006. With 18
events it is the smallest swarm and its magnitudes range
from 1.0 to 2.0. The events form a cluster in the over-
riding plate between the depth of 12 and 15 km (Fig. 4,
middle). Due to the size of the earthquakes only few
onset times were available and the location errors are
bigger than for the other two swarms. There is no distinct
trend in the temporal evolution of the cluster. The P-
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waveforms are again highly coherent, possibly indicating
an activation of a fault.

March 2006 swarm

This swarm is the most populated one we analysed in this
study. While it lasted only 3 days (from 2 to 4 March
2006), it included a total of 84 events (Fig. 4, bottom). The
magnitude of the events ranges from 1.0 to 3.9. Two
earthquakes had a local magnitude ML of 3.9 and 3.6 (ISC
Online Bulletin 2011). The swarm occurred near the plate
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Fig. 5 Waveforms of direct P- (a) (b)
wave arrivals of selected swarm
earthquakes. a December 2005
swarm. b January 2006 swarm.
¢ March 2006 swarm.
Waveforms are ordered by their
occurrence (bottom to top) and
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interface at a depth of 16 km. It has no distinct form and it
extends 3 km north—south, 2 km east—west and 3 km in the
vertical direction. No temporal trend can be recognized. It
shows incoherent waveforms possibly indicating either the
activation of several faults or a complex stress system.

Diffusivity and permeability estimate

The diffusivity estimates for the swarms observed at
Mound Culebra (Fig. 6a, b) range from 28 to 921 m?/s
corresponding to the 75 and 98 % event envelopes; as an
intermediate “best fit” value (corresponding to the 90 %
envelope), we obtained a diffusivity of 60 m%/s.

To calculate the permeability from these values, we
make the commonly applied assumption that the poro-
elastic modulus of low-porosity crystalline rocks can be
approximated by the simplified relation:

M%( LA )1 (10)

Khid Kgrain

The depth of the earthquakes is taken to be approximately
15 km, the temperature is ca. 120 °C. It is known from
active seismic experiments (Walther et al. 2000; Berhorst
2006) that the events are placed in a part of the margin
wedge presumably formed by a subducted oceanic plateau,
more precisely, within the upper effusive crust. Walther
et al. (2000) observe a seismic velocity of V, = 5.9 km/s
and model a density of 2.9 kg/l. V| is not precisely known,
we calculate it from V), using a velocity ratio of 1.8. This is

0.0s 02s 04s 0.0s 02s 04s 00s 02s 04s

actually somewhat higher than the usually assumed value
of 1.73 for average crustal rocks, but indications for fluid
presence have been observed both in active seismic
(Ivandic et al. 2008) and local earthquake tomography
(Dinc et al. 2011), where V,,/V; of the order of 1.8 and even
higher was found. For these values, we obtain an estimate
for K4, from the formula

Ky ~K—p-<v2—iv2>—p-v2- 1_L

ry ™~ - s -

v » 3" ’ 3(vp/5)’
(11)

giving a value K4y of 59 GPa. The property Ky .in can be
estimated from literature values for basalt at about 15 km
depth (ca. 300 MPa) and 100 °C (V, = 6.1-6.6 km/s,
p = 2.95-2.98 kg/l, V,,/V, = 1.73-1.75, see e.g. Gebrande
1982). Basalt was chosen because the lithological unit
where the swarms are found corresponds probably to the
effusive crust of a subducted oceanic plateau (Walther
et al. 2000). With the above formula, we obtain
Korain = 61-72 GPa, and o = 0.0328-0.181. We assume a
porosity ¢ of ca. 1 % (range 0.5-1.5 %,). For the bulk
modulus and dynamic viscosity of water at 300 MPa and
100 °C, we used the values of the International Association
for the Properties of Water and Steam (http://www.iapws.
org, IAPWS Release 2008), Kpua = pVp = 4.3 GPa,
n = 0.2897 mPa s.

With these estimates, we obtain values for M and Py, of
258 and 100 GPa, respectively, and the following rela-
tionship between the permeability k and the diffusivity D:
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Fig. 6 Estimation of hydraulic
diffusivity based on Eq. (9).

a Log-log diagram of time
difference and distance relative
to the first event of the swarm.
Lines of constant diffusivity
bounding 75, 90 and 98 % of
events are indicated by solid
lines. b Cumulative histogram
of events for increasing
diffusivity values. 75, 90 and
98 % levels indicated by solid
horizontal lines correspond to
the estimates of lower bound,
intermediate value and upper
bound of diffusivity

—_
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k= 1.15x 1077 x D. (12)

Using the diffusivity D values estimated from our seis-
micity observations, we obtain a permeability of
k=6.9 x 107" m* = 69 mD corresponding to the 90 %
envelope and a range of k=32 x 107" m?
106.0 x 10~'* m? = 32-1060 mD corresponding to the
75 and 98 % envelopes.

Discussion
Relationship of seismic swarms with fluid flow

We have until now assumed that the observed seismicity is
related with fluids or pore pressure propagating through the
fault zones of the forearc, which is the most intuitive
interpretation given the alignment near to active vent
structures on the continental slope. However, we must
consider that alternative explanations may exist, which we
will discuss in the following.

Firstly, it may be argued that we are possibly imaging
just the seismogenic zone. If this was the case, the question
would be difficult to answer why the events are clustered in
swarms of recurrent activity. Moreover, temperature pro-
files across the continental slope and seismicity observed at
Nicoya Peninsula (DeShon et al. 2006) suggest that the
seismogenic zone is encountered further landward than the
observed seismic swarms. All swarms are found approxi-
mately between the 120 and 150 °C temperature isolines
(Fig. 1). If we assume the onset of seismogenic behaviour
to coincide with the 150° temperature contour (as sug-
gested by Ranero et al. 2008), this places the seismic
swarms trenchward of the seismogenic zone.

Recurrent rupturing of this part of the plate may be
explained by patches of activity related, for example, to
subducting topography such as seamounts. A subducting
seamount might crack the overriding plate and thus pro-
duce a patch of increased seismicity. This explanation does
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not apply to the December 2005 and January 2006 swarms
because they are located too far below and above the plate
interface. But it cannot be excluded for the March 2006
swarm which locates close to the plate interface. A deci-
sion cannot be based on seismicity alone, and unfortunately
none of the available reflection seismic profiles cuts
through the swarms to determine the topography of the
plate interface. However, if a subducting seamount cracked
the overriding plate, this would be expected to produce
spatial clustering in the seismicity, but not the temporal
clustering. We would rather expect continuous activity,
different from the observed swarm behaviour.

Finally, we know from the work cited in the introduction
that fluids are present and play a dominant role in this
region of the margin. In particular, fluid seepage has been
observed at the ocean floor. When fluids are present, the
related variations in pore pressure and resulting normal
stresses are always involved in triggering the seismicity,
whether this occurs along the plate interface or within the
overriding plate. The importance of pore pressure in the
generation of seismicity has been confirmed by numerous
injection experiments and by drilling along a number of
margins. Although we have no definite proof that this
applies also to the part of the margin imaged in our data set,
it would seem absurd to assume fluids play no role in this
margin, in which outstandingly large amounts of fluids are
available, as has been imaged by active seismic (DeShon
and Schwartz 2004; Grevemeyer et al. 2007; Ivandic et al.
2008, 2010) and local earthquake tomography (Dinc et al.
2011).

The uncertainty in the absolute depth location of our
events is of the order of 10 %. Therefore, we can assume
that the swarm in December 2005 occurred in the down-
going plate while the swarm in January 2006 happened in
the overriding plate. Both swarms show a uniform P-
waveform indicating a uniform fault mechanism. This
means that in either case single faults became activated
during the swarm. In case of the December 2005 swarm, it
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could be a bending-related serpentinized fault (Ivandic
et al. 2008). The January 2006 swarm occurred along a
fault within the continental margin such as identified on
seismic reflection profile nearby and suggested to form
pathways for the vent sites. Only the March 2006 swarm
took place near the plate interface covering a larger volume
and showing incoherent waveforms of the P-phase. This
indicates that the stress release occurs in a fractured vol-
ume rather than on a slip plane. The volume fracturing as
such could be related to the subduction of a seamount or
other topographic features. However, for the reasons dis-
cussed above, the temporal seismicity clustering would be
preferably attributed to fluids released near the interface as
it was proposed by Brown et al. (2005).

Observed diffusivity and permeability

If we accept that the swarms are related to fluid pressure
migration, we can assess their temporal development to
estimate of the diffusion constant and hydraulic perme-
ability in the continental slope.

The range of values found for the diffusivity
(28-921 m?%/s) is larger than what is usually observed in
borehole injection measurements (0.01 to a few m?/s) by
about two orders of magnitude (Shapiro et al. 1997, 1999,
2002, 2006; Huenges and Zimmermann 1999; Rothert et al.
2003). However, the KTB drill hole, which reached 9 km
depth, sampled crystalline continental crust subjected to
the regional Alpine stress field. This regime, and the forced
migration of injection fluids, can be expected to have lower
diffusivities than natural fluid migration through a water-
saturated margin wedge actively deformed by the subduc-
tion process. Based on the Antofagasta 1995 earthquake
aftershock sequence, Shapiro et al. (2003) obtain a diffu-
sivity of 200 m?/s, somewhat higher but similar to our
results.

The permeability values obtained from the diffusivity
are also comparatively large, ranging between
32 x 107" m> and 106.0 x 107"* m*>. For a basaltic
composition, this permeability is much higher than what
is usually observed in laboratory experiments (of the
order of 107'® m? in this pressure and temperature
range), but falls into the large range of values that have
been estimated for the upper oceanic crust by indirect
methods (for a comparative overview, see Fisher 1998,
and Townend and Zoback 2000). Permeability values
easily vary over several orders of magnitudes even
within short lateral and vertical distances; e.g. Saffer
et al. (2000) observe permeabilities between 107'® and
107" m? for depths down to 5 km in drill logs on the
margin wedge off north Costa Rica. An end member of
high permeability is open fracture systems of near sur-
face crystalline rock which can reach permeability values

of the order of 107"'-107'% m? (e.g. Li et al. 1994).
Waldhauser et al. (2012) find permeabilities of the order
of 107'°-107"* m? for fluid driven aftershocks of the
2004 M9.2 Sumatra—Andaman earthquake. Our estimated
permeability value of k=32 x 107" m*-106.0 x
107" m? is comparable to the one obtained by Shapiro
et al. (2003) for the Antofagasta aftershocks. The Anto-
fagasta aftershocks occurred along the seismogenic zone,
whereas from our fluid migration swarms are located
above and trenchward of the seismogenic zone, where
more fluids are assumed to be present. However, the
comparison indicates that our estimated values are rea-
sonable and reflect the large amount of fluids present and
extensive fracturing of the margin wedge in this actively
venting region.

Conclusions

On a temporary marine seismic network offshore south
Nicaragua and north Costa Rica, several swarms of earth-
quakes are observed on the continental slope trenchward of
the seismogenic zone. These swarms are relocalized by
double-difference localisation and are found in the down-
going slab, near the interface and in the overriding plate.
The observed swarm seismicity interpreted as an
expression of pore pressure migration is used to estimate
the diffusivity and permeability of the margin wedge. The
swarms give consistent diffusivity values of the order of
28-305 m?*/s. While these are larger than observed values
from injection studies in continental boreholes, they are of
comparable magnitude to values estimated for the Anto-
fagasta 1995 earthquake aftershock sequence (Shapiro
et al. 2003). The resulting permeability is about
3.2 x 107" m?235.1 x 107" mz, based on the assump-
tion (from Walther et al. 2000) that the margin wedge in
this area is formed by subducted oceanic flood basalt.
While generally high for basaltic crust, this value is similar
to the one of the Antofagasta aftershocks within less than
one order of magnitude. Since the swarms occur in the
region along the margin wedge where fluid release by
subducting sediments is greatest, we assume these values
are plausible and provide an indication for extensive frac-
turing by fluids migrating towards the active vent sites.
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