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a b s t r a c t 

We model the subsurface hydrologic response to the 7.6 M w subduction zone earthquake that occurred 

on the plate interface beneath the Nicoya peninsula in Costa Rica on September 5, 2012. The regional- 

scale poroelastic model of the overlying plate integrates seismologic, geodetic and hydrologic data sets to 

predict the post-seismic poroelastic response. A representative two-dimensional model shows that thrust 

earthquakes with a slip width less than a third of their depth produce complex multi-lobed pressure 

perturbations in the shallow subsurface. This leads to multiple poroelastic relaxation timescales that may 

overlap with the longer viscoelastic timescales. In the three-dimensional model, the complex slip distri- 

bution of 2012 Nicoya event and its small width to depth ratio lead to a pore pressure distribution com- 

prising multiple trench parallel ridges of high and low pressure. This leads to complex groundwater flow 

patterns, non-monotonic variations in predicted well water levels, and poroelastic relaxation on multi- 

ple time scales. The model also predicts significant tectonically driven submarine groundwater discharge 

off-shore. In the weeks following the earthquake, the predicted net submarine groundwater discharge in 

the study area increases, creating a 100 fold increase in net discharge relative to topography-driven flow 

over the first 30 days. Our model suggests the hydrological response on land is more complex than typ- 

ically acknowledged in tectonic studies. This may complicate the interpretation of transient post-seismic 

surface deformations. Combined tectonic-hydrological observation networks have the potential to reduce 

such ambiguities. 

© 2018 Elsevier Ltd. All rights reserved. 
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1. Introduction 

1.1. Hydrologic effects of earthquakes 

Earthquakes have long been known to produce a range of hy-

drological effects from short term responses such as liquefaction

and eruption of mud volcanoes to long term changes in ground

and surface water geochemistry, temperature and pressure ( Manga

and Wang, 2007; Miller, 2012; Wang and Chia, 2008; Wang and

Manga, 2010 ). In the near field, within a few rupture lengths of

the earthquake, the hydrological effects are due to both static and

dynamic stress changes, while only dynamic stress changes can in-

duce hydrologic responses over greater distances ( Brodsky, 2003;

Rojstaczer et al., 1995 ). 

Here we are interested in the hydrologic response to subduc-

tion zone earthquakes. Given their large rupture zones, static stress
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hanges extend over hundreds of kilometers. The co-seismic sub-

urface hydrologic response in the near field is often well corre-

ated with the static poroelastic stresses ( Akita and Matsumoto,

004; Quilty and Roeloffs, 1997; Shi et al., 2013; Wakita, 1975 ).

ear field post-seismic transients in pore pressure, surface defor-

ation and fluid flux, consistent with poroelastic behavior, have

een observed in various settings ( Fialko, 2004; Jonsson et al.,

003; Labonte et al., 2009; Peltzer et al., 1998 ). These observa-

ions suggest that the regional groundwater flow induced by quasi-

tatic stress changes is an important component of the hydrologic

esponse to large subduction zone earthquakes. 

While the complex effects of earthquakes on ground and sur-

ace water have received considerable attention ( Mohr et al., 2016;

hi et al., 2015 ), much less is known about the potential subma-

ine groundwater discharge (SGD) associated with tectonic stresses.

his expulsion of fluids through the seafloor is expected from

revious modeling studies given the compression of the forearc

uring subduction and due to thrust faulting events ( Zhou and

urbey, 2014 ). Such tectonic fluxes have been observed along the

osta Rica margin subduction zone due to compaction of pelagic

https://doi.org/10.1016/j.advwatres.2018.02.014
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Fig. 1. Maps of the study area. a) Regional map illustrating the tectonic setting of the Middle America Trench (MAT) (modified from Feng et al. (2012) ). b) Local map of the 

Nicoya Peninsula showing the GPS stations, epicenter (star) and slip magnitude contours (black lines with a 0.25 m contour interval) of the 2012 M w 7.6 earthquake. The 

surface of the 3D model domain is indicated by the black box. 
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ediments on the down-going plate and compression from slow

lip events near the trench ( Labonte et al., 2009; Screaton and Saf-

er, 2005 ). These SGDs occur in deep water close to the subduction

rench. 

Shallow SGD near the coast has also been studied, primarily

ue to its effect on the chemistry of the coastal ocean ( Moore,

996; Slomp and Van Cappellen, 2004 ). This type of SGD derives

n part from topography driven flow in aquifers that drain directly

o the coast and are expelled close the shoreline ( Sawyer et al.,

016 ). As part of this study, we investigate the possible impact of

 large earthquake on the location and magnitude of SGD. We use

ully coupled poroelastic models to study tectonic driven SGD for a

arge subduction zone earthquake in Costa Rica that occurred be-

eath the Nicoya peninsula in 2012. 

We have chosen this event because of the unique location of

he Nicoya peninsula above the slipping portion of the subduc-

ion zone interface. This together with a dense network of high

ate Global Positioning System (GPS) stations provides excellent

onstraints on the co-seismic deformation driving the groundwater

ow. However, due to the absence of transient hydrological mon-

toring it is not possible to validate the predicted hydrologic re-

ponse. 

The aim of this manuscript is therefore to investigate the ba-

ic features of the large-scale poroelastic relaxation following the

012 Costa Rica earthquake. To determine the significance of the

ectonically driven groundwater flow we compare it to the stan-

ard model of topography driven flow. Both models have identi-

al material properties and geometry, but have different boundary

onditions. Discussing the tectonic flow relative to the topographic

ow mitigates the effect of highly uncertain parameter values, such

s the permeability. 

.2. Costa Rica and the 2012 M w 

7.6 earthquake 

Along the Pacific coast of Costa Rica, the oceanic Cocos Plate de-

ived from the East Pacific Rise and Cocos-Nazca Spreading center

ubducts along the Middle America Trench (MAT) with a velocity

f 8.5–9 cm/yr ( DeMets et al., 2010; Feng et al., 2012 ), as shown in

ig. 1 a . The resulting volcanic arc extends from central Costa Rica

orth into Mexico. In the south, the MAT extends to the Panama

racture Zone, a transform fault separating the Cocos and Nazca

ceanic plates. The suture within the Cocos plate subducts directly

eneath the Nicoya peninsula. On the northern side of this suture
one, smoother, older oceanic crust (25–30 Ma) derived from the

ast Pacific Rise is being subducted. On the southern side, slightly

ounger sea floor derived from the Cocos–Nazca Spreading Center

ubducts underneath Costa Rica ( DeShon et al., 2006 ). 

On September 5, 2012, a magnitude 7.6 earthquake ruptured

he plate interface beneath the Nicoya Peninsula, Costa Rica. The

picenter was located 12 km offshore from the central Nicoya coast,

t a depth of approximately 18 km ( Fig. 1 b ). The rupture spread

utward along the plate interface to encompass 30 0 0 km 

2 of the

icoya seismogenic zone ( Yue et al., 2013 ). The Nicoya Peninsula is

ositioned over the seismogenic zone of the subduction plate in-

erface. Thus, surface deformation measurements provide reliable

nformation about deformation on the slab interface. Fig. 1 b shows

ontours of the slip estimated from a combination of 21 campaign

PS stations and 18 continuous stations deployed on the Nicoya

eninsula ( Protti et al., 2013 ). 

. Model setup 

.1. Governing equations and boundary conditions 

To model the instantaneous and time-dependent poroelastic re-

ponse to the earthquake, we use a fully coupled, linear poroe-

astic model. The slip distribution of the earthquake on the fault

lane is applied as a boundary condition ( Yue et al., 2013 ), which

nitializes the co-seismic pressures and displacements. This instan-

aneous undrained response evolves as the pore pressure equili-

rates. 

The linear poroelastic theory developed by Biot provides a sys-

em of equations that describes the coupling between the flow of

ore fluids and the deformation of the rock matrix ( Wang, 20 0 0 ).

he governing equations, combining the conservation of fluid mass

or the evolution of pore fluid pressure, p = p(x , t) , and total mo-

entum conservation of the porous medium for the quasi-static

olid displacement, u = u (x , t) , in a domain, �, over the time in-

erval, [0, T ], are given by 

( S ε p + α∇ · u ) t − ∇ ·
(

κ

μ
∇p 

)
= 0 in �, (1a) 

∇ · ( σ( u ) − αp I ) = 0 in �, (1b) 

here ( ·) t denotes the time derivative, S ε is the specific storage,

( x ) is the permeability, μ is the fluid viscosity and α is the Biot–
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Willis parameter. In an elastic medium, the stress tensor, σ , is re-

lated to displacement as follows: 

σ( u ) = G 

(∇ u + ∇ u 

T 
)

+ G 

2 ν

1 − 2 ν
( ∇ · u ) (2)

where G and ν are the elastic shear modulus and drained Poisson’s

ratio, respectively. 

The Biot–Willis parameter, α and the specific storage coeffi-

cient, S ε can be written in terms of the elastic parameters as 

α = 

3(νu − ν) 

B (1 + νu )(1 − 2 ν) 
, S ε = 

3 α( 1 − 2 ν) ( 1 − αB ) 

2 GB ( 1 + ν) 

where B is Skempton’s pore pressure coefficient and ν and νu are

the drained and undrained Poisson’s ratios, respectively. The poroe-

lastic Eq. (1) require four independent material parameters to de-

scribe the undrained response as well as the magnitude of the

relaxation: ν , νu , G and B , representing the drained Poisson’s ra-

tio, the undrained Poisson’s ratio, the elastic shear modulus and

Skempton’s coefficient, respectively. Two additionally parameters,

κ and μ control the transient behavior of the pore fluid. 

The models for the poroelastic response to an earthquake and

topographic-driven flow have different sets of boundary condi-

tions. The primary difference between the earthquake-driven and

topographic-driven models is the pressure boundary condition on

the land surface. In the case of the earthquake-driven flow, the

boundary representing the land surface is set as a no flow bound-

ary condition, the limitations of which are discussed in Section 4.2 .

For the topographic flow model, the land surface boundary is set

with a spatially-varying pressure field equal to a smooth, subdued

expression of the land surface representing the water table. The

boundary and initial conditions for the earthquake-driven model

are: 

p(·, 0) , u (·, 0) = 0 in � (3a)

p = 0 on �ocean (3b)

(κ/μ∇p) · n = 0 on �notocean (3c)

σ( u ) n = 0 on �sur face (3d)

u · n = 0 on �right , �bottom 

(3e)

u · n = 0 on �slab (3f)

δσ( u ) n · t + u · t = u 0 on �slab (3g)

For the case of topographic driven flow, the initial and bound-

ary conditions are: 

p(·, 0) , u (·, 0) = 0 in � (4a)

p = 0 on �ocean (4b)

p = p topo on �land (4c)

(κ/μ∇p) · n = 0 on �notsur face (4d)

σ( u ) n = 0 on �sur face (4e)
 · n = 0 on �right , �bottom 

(4f)

 = 0 on �slab (4g)

In both cases, the overlying ocean applies a hydrostatic pressure

t the seafloor, which results in a zero pressure boundary condi-

ion, as p represents the deviation of the pressure from hydrostatic.

ur model ignores the effects of tides on the ocean bottom pres-

ure due to the much shorter spatial and temporal scales on which

ide-induced pressure signals propagate into the seabed. All other

oundaries, including the one representing the land surface, are set

s no flow boundaries. 

The normal stress on both the ocean and the land surface is

et to zero to allow for surface deformation. On the slab interface

he displacement is assumed to be only in the tangential directions

nd is prescribed by the inversion of geodetic data, the magnitude

f which is shown in Fig. 1 b. The vertical boundary opposite of

he trench and the bottom boundary are set as roller boundaries

o prevent a net rotation of the domain. The mathematical formu-

ation of these boundary conditions is given in Appendix 1 . 

.2. Model geometry 

The three-dimensional (3D) model surface comprises an area of

50 km by 250 km aligned with the trench and extending into the

verriding continental plate. The location of the model is shown

n the map in Fig. 1 a. All locations and displacements are rotated

nto a trench perpendicular and trench parallel coordinate system.

he 3D model geometry in shown in Fig. 2 a and the trench per-

endicular cross-section used for the two-dimensional (2D) model

s shown in Fig. 2 b. 

A simplified coastline is integrated into the mesh and divides

he top boundary of the domain into two surfaces. The seafloor

s defined as a linear slope from the coast at 0 km depth to the

rench at 4 km depth, while the land topography is neglected. The

ault interface boundary of the model is fit to the smooth interface

erived from seismic tomography and is assumed constant in the

rench-parallel direction ( DeShon et al., 2006 ). The model domain

s truncated at 60 km depth. 

In both 2D and 3D, it is necessary to resolve the near sur-

ace such that the permeability decay with depth ( Fig. 3 A) is ad-

quately captured by the mesh. In 2D, this can be done with an

nstructured tetrahedral mesh with an element size of 200 m at

he surface and 3 km at depth, resulting in approximately 60,0 0 0

lements. In 3D, this is done with an extruded, layered mesh from

–5 km depth - comprising of 4 layers that increase in thickness

ith depth from 300 to 1,500 m - overlaying an unstructured tetra-

edral mesh with 3–4 km element size. This allows the model to

apture the permeability decay without meshing to a 300 m res-

lution in the x and y directions. The 3D mesh contains approxi-

ately 140,0 0 0 elements. We use a direct solver and only rebuild

he factorization when the timestep changes. To efficiently capture

oth rapid short-term and slow long-term behavior, the timestep

rogresses from 15 min to one month. All of the models were run

n a workstation with run times ranging from 1 to 30 h. The limi-

ation on the number of elements used is the memory required to

tore the factorization. 

.3. Integration of field data 

The six parameters of the poroelastic model described above

ary both laterally and with depth, and potentially over many or-

ers of magnitude. They should therefore ideally be constrained by

eld data. Below we describe how parameter values throughout
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Fig. 2. Geometry of the 2D and 3D model. A) 3D model geometry with the boundary between the land and ocean surface as well as the location of the 2D cross section 

shown. B) 2D model with the shear modulus ( G ) distribution and the location and slip of imposed earthquakes along the fault boundary. 

Fig. 3. Permeability interpolation. A) Permeability decay with depth for the range of surface permeability values. B) Spatially interpolated near-surface permeability map. 

C) Geologic map of the study area obtained from the U.S. Geological Survey ( Schruben, 1996 ). D) Spatial distribution of variance of the estimated permeability field. E) 

Semivariogram of the permeability in the study area. 
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he domain have been derived from regional seismic and hydro-

eologic data. 

.3.1. Elastic parameters and initial slip condition 

It is increasingly recognized that the spatial variation of the

lastic parameters has a significant influence on the predicted co-

eismic displacements ( Masterlark et al., 2001; Williams and Wal-

ace, 2015 ). The elastic parameters of the model are constrained

ith V p / V s seismic tomography data along with a 1D density

odel to create best fit functions that represent how the vari-

us elastic parameters change with depth ( DeShon, 2004; DeShon

t al., 2006 ). Fig. 2 b shows how the tomography-derived shear

odulus, G , varies within the domain. 
The Young’s modulus is calculated from P-wave velocity and

ensity. The P-wave velocity, V p , and the bulk density, ρb , depth

rofile are used to calculate the P-wave modulus, M , with depth

sing M = ρb V 
2 
p . The P-wave modulus and drained Poisson’s ra-

io, ν , are then used to derive the Young’s modulus, E , depth

rofile using the relationship: E = M(1 + ν)(1 − 2 ν) / (1 − ν) . Three

arameters for a power function of the form, E(z) = az b + c, were

t to the relationship between Young’s modulus and depth, re-

ulting in a best fit function of E = 3 . 471 z · 10 2 ·0 . 5157 +5 . 324 · 10 4 ,

here z is the depth in meters and E is given in MPa. The

hear modulus, G , used in the poroelastic equations, is derived

rom Young’s modulus and Poisson’s ratio using the relationship:

 = E/ (2(1 + ν)) . 
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The slip boundary condition to drive the model is obtained by

inverting the co-seismic displacements measured by a network of

GPS stations. Here we use the co-seismic displacements to infer

slip on the overridding plate of the subduction interface. The con-

tour map of the slip solution is shown in Fig. 1 b. The co-seismic

horizontal surface displacement vectors at GPS station locations

from both GPS measurements and the forward model are shown

in appendix figure Fig. A.1 . 

2.3.2. Hydrogeologic data 

The timescale over which fluid-induced deformation takes place

is controlled by the three dimensional permeability field. Our

model considers the variations in permeability that occur on two

different length scales. A general decline of permeability with

depth on the crustal scale and large variations that occur over

short lateral distances in the relatively permeable shallow crust. 

On the crustal scale, the permeability, κ , decreases exponen-

tially with depth, d = −z, from the high permeability, κ s , near the

surface to the low residual background permeability lower in the

crust, κ r , as shown in Fig. 3 a. We use the parameterization of

Kuang and Jiao (2014) , given by 

log 10 (κ) = log 10 (κr ) + log 10 

(
κs 

κr 

)
( 1 − d ) 

−a 
(5)

where a = 0 . 8 is the dimensionless decay index. We assume that

κ r is constant, but allow κ s to vary laterally, as shown in Fig. 3 b. 

To constrain the surface permeability field, κ s , of the study

area, we obtained pump test results of 520 groundwater wells

from SENARA , located throughout the state of Guanacaste, Costa

Rica, see SI. The pump test results were interpreted in terms of

the transmissivity of the aquifer, T . If the aquifer thickness, b , is

known, the hydraulic conductivity is given by K = T /b. Here we as-

sume that b is equal to the reported well depth. This assumption

tends to overestimate K if the well does not penetrate the entire

depth of the aquifer. The permeability required for (1a) , is given

by κ = Kμ/ (ρg) , where ρ is the density of the pore fluid and g

is the acceleration of gravity. The permeabilites obtained this way

should be seen as upper bound, because of our assumption that

the wells penetrate the entire aquifer. 

The well data were interpolated using a kriging toolbox

( Murphy, 2014 ). In areas on land not covered by the well data

the permeability reverts to the mean permeability of the well data

set. In absence of data about the spatial variation of seafloor per-

meability we assume it is constant and choose a value of 10 −13 

m 

2 based on previous studies ( Becker and Davis, 2004; Davis and

Villinger, 2006; Spinelli et al., 2004 ). The resulting permeability

map is shown in Fig. 3 b. The northwest and central portions of

the Nicoya Peninsula have generally higher surface permeabilities

whereas the southern and inland portions have much lower per-

meability. Comparison with the geological map in Fig. 3 c shows

that high permeability areas often associated with Quaternary allu-

vial sediments while low permeability areas are primarily sea-floor

basalts. 

The kriging variance in Fig. 3 d shows that the permeability is

highly uncertain away from the well data. This is due to the short

correlation length of the data, evident from the semivariogram of

the data in Fig. 3 e. For the kriging interpolation we have assumed

an exponential variogram model with a nugget, sill and range of

0.771, 1.086, and 1.28 ·10 4 m, respectively. 

There is currently no well monitoring system in place of the

Nicoya peninsula. Therefore, no quantitative records of the head

changes during and after the earthquake exist. However, qualita-

tive description of the response at an individual location has been

reported and is discussed below. 
. Results 

For this study we used both 2D and 3D numerical models.

n Section 3.1 we investigate more general trends in the poroe-

astic response in a 2D model of a subduction zone earthquake

iven different earthquake sizes and crustal permeability struc-

ures. Section 3.2 presents results of a 3D model results based on

 fixed set of best fit parameters and the real earthquake slip data.

.1. Two-dimensional model results 

In order to gain a better understanding for which factors con-

rol both the co-seismic and post-seismic poroelastic response to

 large earthquake, we ran a number of simpler models in 2D.

he geometry is based on a representative trench-perpendicular

ross-section through the center of the Nicoya peninsula and the

lip patch ( Fig. 2 ). These models use a constant surface perme-

bility, but retain the variation of permeability and Young’s mod-

lus with depth. First we discuss the geometry of the co-seismic

ndrained elastic response in Section 3.1.1 , followed by a discus-

ion of the time-scales of the post-seismic poroelastic relaxation

n Section 3.1.2 . 

.1.1. Effects of earthquake size and depth on the undrained response 

To study the 2D instantaneous response to a subduction zone

arthquake we use a synthetic Gaussian slip distribution. For a

aussian slip centered at a depth of 20 km with a rupture width of

00 km, the co-seismic displacement and the undrained pore pres-

ure response are shown in Fig. 4 a and b, respectively. For a Gaus-

ian slip distribution, the rupture width is defined as 4 σ slip , where

slip is the variance of the Gaussian function. The simulation shows

he expected increase in pore pressure due to compression of the

orearc and decrease due to extension in the interior. This simple

attern is observed when the width of the slip patch is large rela-

ive to the earthquake depth. In this case, pore pressure increases

renchward of the earthquake - primarily offshore - and decreases

ehind the earthquake on land. 

However, earthquakes with a smaller slip area relative to their

epth produce a more complex pattern in co-seismic displacement

nd the undrained pore pressure response ( Fig. 4 c and d). In the

ar-field, the pattern is similar, but directly above the earthquake

wo additional pressure lobes appear near the surface. A similar

attern of the instantaneous pore pressure field, in response to

 thrust earthquake, was described in Zhou and Burbey (2014) .

ig. 5 shows that the undrained pore pressure pattern is primar-

ly a function of the ratio of slip extent to earthquake depth. The

our-lobed pattern is observed when the slip width to depth ratio

s equal to or less than three. The elastic parameters have a very

mall effect on this geometry, but if the Young’s modulus increases

rastically with depth the pattern trends toward the simple two

obed case. 

This four lobed pattern is conspicuous in the pore pres-

ure response, but is less obvious in the surface displacement.

ig. 6 shows that the local pore pressure maximum is accom-

anied by some subsidence and a decrease in the magnitude of

he trenchward displacement. The local decrease in the amount

f trenchward displacement results in an area directly above the

arthquake that experiences less net displacement, which results

n local landward compression and trenchward expansion. For

arthquakes with small slip width to depth ratios ( Fig. 4 c), these

ocal high and low pressure lenses dominate the local near surface

ydrologic response. Displacement data from the Nicoya peninsula

rojected onto the cross-section show a pattern consistent with

our-lobed pressure response ( Fig. 6 ). 

The undrained pressure field sets up regional groundwater

ows that relax the pressure gradients over time. The timescale of
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Fig. 4. Instantaneous, undrained response to an megathrust earthquake. A) Deformation magnitude and slip vectors for an imposed Gaussian slip distribution with a width 

to depth ratio of 5:1 along the earthquake rupture zone (green line). B) Instantaneous pore pressure response to earthquake in A. C) Deformation magnitude and slip vectors 

for an imposed Gaussian slip distribution with a width to depth ratio of 2:1 along the earthquake rupture zone (orange line). D) Instantaneous pressure response to an 

earthquake with a standard deviation of 10 km (C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 

Fig. 5. Contour lines of zero pore pressure change and corresponding earthquake rupture length. As the rupture length of the earthquake decreases, while the depth remains 

the same, a high pressure lens is produced and the extent of the high pressure region in front of the earthquake is driven trenchward. 

Fig. 6. Instantaneous near-surface water level change, uplift and trenchward dis- 

placement for earthquakes with different slip width to depth ratios. GPS displace- 

ments for stations within 20 km of the 2D transect are shown as black dots. Grey 

bar indicates region with a negative gradient of trenchward displacement, creating 

compression and corresponding to a positive near-surface pore pressure change. 

t  

m  

a  

f  

a  

o  

p

 

a  

i

m  

t  

o  

t  

a  

p

3

 

t  

(  

c  

t  

w  

t  

a

 

l  

t  

l  

e  

(  

t  
he hydrological response is determined by the near surface per-

eability and mass specific storage. In the 2D model the perme-

bility only varies with depth and remains constant across the sur-

ace. This allows us to look at the effect of different surface perme-
bility values on the time-dependent pore pressure response with-

ut the added complication of large-scale preferential flow paths

resent in the 3D model. 

To study the time dependent hydrological response we perform

 2D simulation with a slip distribution that is a Gaussian approx-

mation of the 2012 Nicoya event, a surface permeability of 10 −11 

 

2 and a Skempton’s coefficient of 0.7. The undrained pressure dis-

ribution and the transient well head, h = p/ρg, response at vari-

us locations on the surface are shown in Fig. 7 . The slip-width

o depth ratio of the main slip patch of the 2012 Nicoya event is

pproximately 2:1 and hence results in a four-lobed instantaneous

ore pressure response in the shallow crust. 

.1.2. Time-dependent hydrological response 

The signature of the transient pore pressure relaxation after

he earthquake varies significantly with distance from the trench

 Fig. 7 ). The response differs from what might be expected, be-

ause the head response is complicated by the four-lobed pattern

hat leads to a local head maximum above earthquake. First, we

ill discuss the change in the well response with distance from

he coast and then consider the effect of the near surface perme-

bility. 

Very close to the coast, Fig. 7 a shows an instantaneous rise fol-

owed by, in most cases, a drop below pre-earthquake levels. Just

wo kilometers inland, Fig. 7 b shows a co-seismic head drop, fol-

owed in most cases by a continued decrease, and then a recov-

ry. In the low pressure regions close to the coast and far inland

 Fig. 7 c and f), an instantaneous head drop is followed by a mono-

onic recovery. In the center of the high pressure lens ( Fig. 7 d),
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Fig. 7. Time-dependent pressure response along the surface of the 2D model. The instantaneous pressure for the entire domain is shown below modeled time-series of 

water level at points along the surface. Time series show the well head evolution for different values of near-surface permeability ranging from 10 −10 to 10 −13 . For the same 

initial pore pressure change, different permeability values lead to very different relaxation patterns. 
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an instantaneous head increase is followed by a monotonic relax-

ation to a head sometimes below the pre-earthquake level. The

wells in the transition zones between high and low pressure re-

gions show markedly different patterns of transient well response.

Behind the high pressure lens, a co-seismic head drop is fol-

lowed either by a recovery and drop or a small drop and recovery

( Fig. 7 e). 

The initial well response is due to the dissipation of the four-

lobed pressure pattern within the first twenty days. After the dis-

sipation of the local pressure maximum above the earthquake,

the entire onshore region is under-pressured compared to pre-

earthquake pore pressures. This induces a slow landward regional

groundwater flow from the overpressured section offshore. While

well levels close to the coast recover quickly ( Fig. 7 a), the recovery

further inland ( Fig. 7 f) may take months to years. 

Fig. 7 also illustrates the effect of variations in surface perme-

ability on the transient well head response. Fig. 7 c shows the ex-

pected delay in recovery with decreasing permeability. However,

Fig. 7 e shows that variations in permeability can also lead to fun-

damental changes in the pattern of well head response. This partic-

ular well changes from a non-monotonic head response to a mono-

tonically decreasing response as the permeability decreases. Both

panels illustrate that the instantaneous response is independent of

permeability. 

3.1.3. Submarine groundwater discharge (SGD) 

The offshore compression due to the earthquake leads to

the expulsion of significant amounts of pore water through the
eafloor. It is interesting to compare this discharge to continuous

GD driven by topography and compression by subduction. 

Topography driven flow assumes that the water table is a sub-

ued expression of the surface topography ( Cherry and Freeze,

979; Toth, 1962 ), and provides a simple estimate for the shal-

ow environmental flows in the hydrological cycle ( Gleeson et al.,

015; Sawyer et al., 2016 ). An estimate of the topography driven

GD is shown in Fig. 8 a. The representative cross section through

he Nicoya Peninsula shows two mountain ranges separated by a

entral valley. The elevated pressures underlying the topographic

ighs induce flows down-gradient into the valleys and out to sea.

he insert of Fig. 8 a shows the details of the flow field near the

urface. The streamlines illustrate that groundwater flow occurs in

s confined to the upper most 500 m. The SGD due to this shallow

opography driven flow is therefore localized in the first few hun-

red meters off the coast. Assuming the water table varies between

5 and 75% of the land surface topography, the total SGD per unit

idth is between 20 0 0–60 0 0 m 

3 /(m yr). Additionally, subduction

f the oceanic plate compresses the toe of the overriding plate and

roduces SGD on the order of 100 m 

3 /(m yr), primarily near the

rench. 

The pattern of tectonic-driven SGD differs significantly from the

opography-driven SGD. Following an earthquake, compression off-

hore leads to SGD along most of the seafloor between the coast

nd the trench ( Fig. 8 b). Unlike the topographic flow, which in-

uces mostly horizontal flow, the tectonic-driven flow is mostly

ertical. The total flux through the seafloor immediately follow-

ng the earthquake is four orders of magnitude greater than the
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Fig. 8. Topography-driven and tectonic driven submarine groundwater discharge. 

A) steady-state flow net for 2D topography driven flow given the topographic cross 

section of the Nicoya Peninsula (shown above). The lower figure shows almost all 

of the flow occurs in is confined to the top 500 m and flows out through the sea 

floor within a few hundred meters of the coastline. The light blue arrows represent 

linear flow velocities. B) Pore pressure change and streamlines immediately follow- 

ing an earthquake. In this case, the groundwater is expelled at a much higher rate 

(arrows do not scale with flux between figures) and over a much larger region, with 

the maximum flux occurring well offshore. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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Fig. 9. Comparison of the total SGD produced by topography and tectonic-driven 

flow in 2D. Subduction of the ocean plate produces SGD much lower than topo- 

graphic flow. An earthquake produces a spike in simulated SGD followed by a multi- 

year decline to a new base level of subduction-driven SGD. 
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opographic flux ( Fig. 9 ). The tectonic contribution to SGD re-

ains greater than the topographic contribution for approximately

 months following the earthquake, and remains elevated for a

umber of years. 

The tectonically driven SGD due to smaller events, such as slow

lip events, have been previously detected by fluid flux measure-

ents offshore the Nicoya Peninsula ( Jiang et al., 2017; Labonte

t al., 2009 ). Our simulations show that that large events are likely

o induce similar flows that significantly change the pattern and

agnitude of SGD in the months following an earthquake. 

.2. Three-dimensional model results 

The two-dimensional results presented above are instructive,

ut they lack the complex slip distribution of the earthquake

nd the spatial heterogeneity of permeability in the upper crust.

o address these effects, we conduct a three dimensional sim-

lation, incorporating all of the available data to constrain the

arthquake geometry and poroelastic parameters. Whereas the 2D

odel was used to investigate the effects of different parame-

ers on the instantaneous and time-dependent responses, the 3D

odel uses a single set of best fit parameters for the Nicoya Penin-

ula and the 2012 earthquake. Table 1 summarizes the model
arameters and the data used to constrain them. Unlike the 2D

odel, where the slip distribution was assumed to be Gaussian,

he 3D model incorporates the realistic slip distribution shown in

ig. 1 b. 

The most prominent feature of the instantaneous hydrologic re-

ponse are the trench parallel ridges of high and low head in the

hallow subsurface ( Fig. 10 a). There are two possible reasons for

his pattern: 1) the width to depth ratio of the main slip region

r 2) the horseshoe pattern of the slip distribution. The pattern

f high and low head changes on land occurs directly over the

ain slip patch of the earthquake. The secondary slip area near

he trench is too far away to affect the onshore, subsurface head

esponse. The width of the main slip patch of the Nicoya earth-

uake is 40 km ( Fig. 1 b) and the depth of the epicenter is 18 km.

he slip width to depth ratio is therefore less than 3:1, suggesting

hat this multi-lobed head response in Fig. 10 a–d is the 3D man-

festation of the modeled 2D response for earthquakes with small

lip width to depth ratios ( Fig. 4 c,d). 

While no formal well monitoring system is in place on the

icoya peninsula, a well located at 10.06333N, 85.26055W over-

owed for several minutes during and after the earthquake in an

rea that subsided during the event ( Protti, 2015 ). This well lies

ehind the earthquake slip in an area that would be expected to

xhibit a head drop after the earthquake. However, the 3D model

redicts compression and an increase in well level at this location,

nd is therefore consistent with this observation. Inelastic consol-

dation processes due to dynamic stresses are also commonly ob-

erved to induce increases in well levels. 

The transient head responses in 3D at different locations in the

hallow subsurface show many of the same features that are seen

n the 2D model. Areas within the regional extrema exhibit gener-

lly monotonic behavior, while locations in the transition zones be-

ween these extrema often undergo non-monotonic transient head

esponses ( Fig. 10 f,h). Pressure dissipation in 3D, like in 2D, occurs

ver multiple timescales. The local pressure maximum in Fig. 10 g

argely dissipates within 60 days while the regional pressure drop

ocated mostly in a lower permeability region ( Fig. 10 e) requires

p to 3 years to recover. These timescales are affected by the per-

eability heterogeneity in the near surface. For example, lateral

ermeability variations result in the rapid dissipation of the high

ressure region in the northwest of the Nicoya peninsula versus

he slower decline of the local pressure maximum in the center of
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Table 1 

Table of chosen and interpolated parameter values for both 2D and 3D numerical models . 

Parameter 2D 3D ref. 

G [MPa] 2 − 6 · 10 4 2 − 6 · 10 4 DeShon et al. (2006) 

ν 0.27 0.27 

νu 0.38 0.38 

B 0.6 0.6 

κ s [m 

2 ] 10 −(10 −13) Fig. 3 SENARA (0 0 0 0) , Becker and Davis (20 04) , Spinelli et al. (20 04) and Davis and Villinger (20 06) 

μ [MPa ·s] 10 −9 10 −9 

Fig. 10. Three-dimensional model for the 2012 Nicoya earthquake. A-D) Time series showing both the pore pressure in the shallow subsurface on land and the fluid flux 

through the seabed on composite maps. A groundwater well located at 10.06333N, 85.26055W, which overflowed for several minutes after the earthquake is shown in panel 

A. E-H) Evolution of the well head at four locations, indicated in panel B. 
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the peninsula. This also illustrates that there are significant trench-

parallel flows in the 3D model, as opposed to only trench perpen-

dicular flow in the 2D model. 

Fig. 10 a shows that the spatial pattern of fluid fluxes across the

ocean floor in the 3D model is more complex than in 2D. In par-

ticular, we observe both positive and negative fluid fluxes across

the ocean floor. This is due to the complex horseshoe shaped slip

distribution of the earthquake. Similar to the 2D simulation, com-

pression leads to a large region of positive SGD between the main

slip patch and the trench. However, the complex slip geometry

also leads to a trench-parallel region of seawater intake 15–30 km

off the coast. Additionally, pore pressure decrease along the coast

on the southern portion of the Nicoya peninsula creates a region

of seawater intake that persists for many months after the earth-

quake. This feature may have resulted in seawater intrusion into

coastal aquifers. 
The temporal evolution of the net fluid exchange across the

eafloor is shown in Fig. 11 a. Similar to the 2D case, there is a

pike in the simulated SGD immediately following the earthquake.

uring and immediately after an earthquake, pore water is rapidly

riven out of the seafloor at a peak net rate of 3.1 ·10 7 m 

3 /day and

emains greater than topographic-driven SGD for almost 2 months

 Fig. 11 a). In 3D this increased outflow drops off more rapidly than

n 2D. In the region of seawater intake, the maximum linear verti-

al flow velocity is 6.7 cm/day. 

The SGD produced by a large earthquake can be compared to

oth SGD due to topography driven flow and SGD due to the con-

inuous compression of the overriding plate by subduction. Elas-

ic compression due to subduction drives fluid out of the crust

nd into the ocean through the seafloor at a rate of approxi-

ately 4.3 ·10 4 m 

3 /day over the study area. This estimate is a lower

ound as it does not account for sediment compaction. Fig. 11 b
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Fig. 11. Comparison of the total SGD produced by topography and tectonic-driven 

flow in 3D. A) Total flux through the seafloor in 3D before and after the earth- 

quake. The total tectonic SGD remains higher than the topographic SGD for almost 

2 months. B) 3D model results for topography driven flow. Surface of 3D model 

showing vertical fluid velocity offshore and the pressure boundary condition ap- 

plied on land. This pressure boundary condition is derived from water table height, 

which is an interpolated as a smooth, subdued expression of topography based on 

SRTM data ( Jarvis et al., 2008 ). Like in 2D, all of the SGD occurs very close to the 

coast. 
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hows the spatial distribution of SGD due to the topography of

he Nicoya peninsula. As in 2D the topographically driven SGD oc-

urs in narrow band just offshore and results in the discharge of

.8 ·10 5 m 

3 /day over the study area.The topographic-driven SGD

odeled here amounts to less than 1% of the average rainfall

eceived within the study area. Rainfall data was obtained from

 https://crudata.uea.ac.uk/cru/data ) Harris et al. (2014) . In the 30

ays after the earthquake, approximately 1.18 ·10 9 m 

3 cubic meters

f water are expelled through the seafloor of the model, compared

o 1.23 ·10 7 m 

3 attributed to topographic flow. In the 3D simula-

ion, the increase in net SGD due to the earthquake is significant,

specially considering the large areas of seawater intake. 

. Discussion 

To our knowledge this is the first time a detailed model, in-

orporating a broad range of data, for the hydrologic response of

 large subduction zone earthquake has been assembled. We first

iscuss our results from the Nicoya Peninsula, followed by a look

t the limitations of the available data and the model. Finally, we

iscuss some future research that may benefit from a combined

ydrologic and tectonic approach. 

.1. Timescales of hydrologic response 

One of the interesting predictions of the poroelastic model

s that the hydrologic response occurs over multiple, distinct

imescales. The diffusive relaxation timescale is defined as t c =
 

2 
c /D, where L c is the wavelength of the pressure perturbation and

 = κ/ (μS ε ) is the hydraulic diffusivity. Different timescales arise
ecause the earthquake causes pressure perturbations with dif-

erent wavelengths, L c , and the hydraulic diffusivity decays with

epth. This vertical diffusivity variation effectively creates a lay-

red structure comprised of a shallow layer with a high hydraulic

iffusivity, D u ≈ 200 m 

2 /s, overlying a lower crust with significantly

ower diffusivity, D l ≈ 8 · 10 −5 m 

2 /s. 

In the shallow layer, the four-lobed instantaneous pressure dis-

ribution has two wavelengths of approximately 20 km and 100 km.

he relaxation timescale of the shorter wavelength perturbation is

pproximately 21 days, while the larger wavelength relaxes over

pproximately one and a half years. The well head evolution in

ig. 10 e–h shows these different timescales. 

In the lower crust, the characteristic length scale of the instan-

aneous pressure variation is approximately the rupture length of

he earthquake, 40 km. Given the assumed low hydraulic diffusivity

n the lower crust, the earthquake induced pressure perturbation

ecays on the order of 1 Ma, and may explain the persistence of

verpressured regions in the lower crust that have been observed

eismically ( Chaves and Schwartz, 2016 ). Therefore, while poroelas-

ic variations in the shallow crust decay in the weeks to years after

n event, pore pressure changes in the lower crust may persist and

nteract over many earthquake cycles. Pore pressure changes near

he subduction zone interface may also help provide a mechanistic

ink between slow slip events - both magnitude and spatial distri-

ution - and the main rupture both before ( Dixon et al., 2014 ), and

fter the earthquake ( Voss et al., 2017 ). 

.2. Limitations 

The assumption of linear poroelastic behavior means the model

oes not capture the effects of dynamic stress changes and other

rocesses, such as consolidation, which occur during and imme-

iately after an earthquake. In the very shallow subsurface (less

han 50 m of depth) where there is unconsolidated sediment, these

rocesses may dominate the response of pore pressure to an

arthquake. 

The appropriate pressure boundary condition for the land sur-

ace is not clear. In all of the simulations shown here, except for

he case of topographic flow, we have assumed a no flow boundary

ondition. This boundary condition is appropriate in areas where

he head drops, but not where the head rises above the topog-

aphy. In those locations, groundwater should discharge onto the

urface and the head should equal the topographic elevation. How-

ver, since it is not known a priori where the induced head change

ill exceed the land surface elevation, this is a non-linear bound-

ry condition that requires an iterative solution. 

Changes in the near surface permeability due to an earthquake

ave been observed and can be as large as an order of magnitude

 Manga et al., 2012; Rojstaczer et al., 1995 ). However, they have

een neglected in this model due to the lack of data constraints. 

Similarly, the permeability in the lower crust close to the earth-

uake may increase due to fracturing as a result of induced pore

ressure changes, reducing the time for poroelastic relaxation. Ad-

itionally, on the relaxation timescales of the lower crust, vis-

oelastic relaxation may contribute to deformation and pressure

hanges. 

.3. Effect on post-seismic deformation 

In the weeks and years following the earthquake, contin-

ous surface deformation was observed with GPS monitoring

 Malservisi et al., 2015 ). This post-seismic deformation may be

ue to after-slip on the fault plane, viscoelastic relaxation of the

nderlying crust and mantle, and poroelastic deformation in the

hallow crust. In order to reliably infer the continued slip on the

https://crudata.uea.ac.uk/cru/data
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Fig. A.1. Horizontal surface displacements at GPS station locations. Black arrows 

represent measured co-seismic displacements and red arrows are the initial dis- 

placements of the forward model with the inverted-for slip boundary condition. 

(For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

 

 

σ  

u  

u  

δ  

 

l  

b  

o  

o  

f  

(  

e

σ  

T

ε  

T

σ  

w  

r

fault plane, it is necessary to remove the viscoelastic and poroelas-

tic contributions from the surface deformation signal. In general,

shorter timescales on the order of days to several weeks are associ-

ated with poroelastic effects, while longer timescales on the order

of months to years are associated with viscous relaxation ( Fialko,

2004; Hetland and Hager, 2006; Jonsson et al., 2003 ). After-slip

may occurs on timescales that overlap with both poro- and vis-

coelastic relaxation ( Helmstetter and Shaw, 2009; Perfettini and

Avouac, 20 04; 20 07 ). However, this study shows that post-seismic

poroelastic deformation can occur on multiple timescales and over-

lap with those currently linked to viscous relaxation. Attributing

surface deformation to these different processes may therefore be

more complicated than previously thought. In particular, the non-

monotonicity of the poroelastic response may create surface defor-

mation that can be confused with additional slip on the fault inter-

face. It would therefore be useful if surface deformation networks

could be complimented by well monitoring to provide additional

constraints on the poroelastic component. 

5. Conclusion 

We have modeled the complex dynamics of the quasi-static

poroelastic response to a large subduction zone earthquake and

outlined broad hydrologic responses that arise solely due to static

stress changes and poroelastic coupling. For the 2012 Nicoya event

considered here, the small extent of the slip area relative to the

depth of the epicenter leads to a four-lobed instantaneous pres-

sure distribution and subsequent hydrological response. This leads

to complex groundwater flow patterns, non-monotonic variations

in well head, and poroelastic relaxation on multiple time scales.

The model also predicts significant tectonically driven submarine

groundwater discharge. In the weeks following the earthquake the

tectonic discharge exceeds that due to topography driven flow and

occurs farther off-shore. The hydrological response on land is more

complex than typically acknowledged in tectonic studies and com-

plicates the interpretation of transient post-seismic surface de-

formations. Combined tectonic-hydrological observation networks

have the potential to reduce such ambiguities. 
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Appendix A. Boundary conditions and constitutive equations 

The boundary and initial conditions are: 

p(·, 0) = p 0 in � (6a)
p = 0 on �ocean (6b)

(κ/μ∇p) · n = 0 on �notocean (6c)

( u ) n = 0 on �sur face (6d)

 · n = 0 on �right , �bottom 

(6e)

 · n = 0 on �slab (6f)

σ( u ) n · t + u · t = u 0 on �slab (6g)

The finite element method is a numerical technique to calcu-

ate approximate solutions to boundary value problems governed

y partial differential equations (PDE’s). It uses the variational form

f the equation(s) to approximate the solution on a finite number

f nodes within the domain. To solve this boundary value problem

or fault slip, we need to define stress ( σ) in terms of displacement

 u ). We use their relationship with the strain tensor to do this. The

lastic stress tensor is defined as 

( ε) = 2 G ε + G 

2 ν

1 − 2 ν
tr( ε) I (7)

he elastic strain tensor in terms of displacement is 

(u ) = 

1 

2 

(∇ u + ∇ u 

T 
)

(8)

hus, defining stress only as a function of displacement gives us 

( u ) = G 

(∇ u + ∇ u 

T 
)

+ G 

2 ν

1 − 2 ν
( ∇ · u ) (9)

here G and ν are the shear modulus and Poisson’s ratio,

espectively. 

https://doi.org/10.13039/100000001
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In the FEniCS/Firedrake framework, PDE’s are written in their

eak form. The weak form of the coupled set of poroelastic equa-

ions is: 
 

�
v · [ −∇ · ( σ − αp I )] dx = 0 (10a) 

 

�
q 

[ 
( S ε p + α∇ · u ) t − ∇ ·

(
κ

μ
∇p 

)] 
dx = 0 (10b) 

Applying Green’s identity and solving (6g) for σn gives us

he following formulation. Here we find u ∈ V := { u ∈ H 

1 (�) :

 = 0 on �D , u · n = 0 on �bottom 

} and p ∈ Q := { p ∈ H 

1 (�) : p =
 on �ocean } such that: 
 

�
σ( u ) : ∇ v − α(∇ · v ) p dx 

+ 

∫ 
�b 

δ−1 ( u · t − u 0 ) v · t dx = 0 (11a) 

 

�
( S ε p q + α(∇ · u ) q ) t + 

κ

μ
∇p · ∇q dx 

+ 

∫ 
�N 

κ

μ
(∇p · n ) q dx = 0 (11b) 

The second term in (11a) is the weakly imposed slip boundary

ondition representing the earthquake slip that occurs within the

lane of the slab interface. The second term in (11b) represents im-

osed boundary flow. For the time-dependent terms, we apply an

mplicit finite difference time stepping scheme. (11a) has no time

erivative and remains the same while (11b) becomes: 
 

�
S ε p k q + α(∇ · u 

k ) q + 

(
κ

μ dt 

)
∇p k · ∇q dx = (12) 

∫ 
�

S ε p k −1 q + α(∇ · u 

k −1 ) q dx 

here k is the time level. The timestep becomes larger as the

odel runs to efficiently capture both rapidly changing early-time

ehavior and slow late-time behavior. To capture both rapid and

low post-seismic processes, we use timesteps of 15 min for one

ay, 4 h for 20 days, 2 days for 30 days and 30 days for 10 years

n succession. 
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