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Detection of fluid flow variations at the Nankai Trough 
by electric and magnetic measurements in boreholes 
or at the seafloor 
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Jean Berthier and Philippe Mass• 
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Abstract. Detection of changes in the flow rate of expelled fluids in accretionary prisms by 
monitoring of electric and magnetic fields is discussed. A numerical model of the electric and 
magnetic fields associated with fluid flow variations at the Nankai Trough is presented which 
gives a numerical solution of the coupled system of electric convection currents and conduction 
currents that directly determines the magnetic anomaly itself. Measurements in a borehole located 
between two vents are shown to be well adapted to detection of fluid flow variations using the 
vertical gradient of the electric potential and the horizontal magnetic field. The vertical electric 
field is about 10 mV/km up to 500 m depth where there is a lithologic reflector and about 50 
mV/km below this reflector. The horizontal gradient of the magnetic field is 2 nT/km at the 
seafloor. Modelization with a lower fault conductivity and a larger dbcollement thickness has also 
been modeled. The vertical gradient of the horizontal magnetic field is -5 to 15 nT/km. A 
variation of 3 mV and 1.5 to 3 nT at 600 m depth in a borehole could reveal a fluid flow rate 
variation of 20%, which is a reasonable fluid flow change based on some observations at short- 
scale time. Since a 1.5 to 3 nT anomaly seems easier to detect than a 3 mV anomaly, it is likely 
that the variation of the magnetic field would more sensitively reveal fluid flow variations. When 
monitoring the magnetic field at the seafloor, a change of 0.4 nT/km in the horizontal gradient 
could reveal a fluid flow rate variation of 20%. 

1. Introduction 

Accretionary prisms develop at some convergent margins 
from material offscraped at the deformation front. Accretionary 
prisms are composed of saturated sediments. As sediments 
deform, fluid pressure rises, and fluid is expelled both through 
tectonically induced consolidation and thermally induced 
dehydration processes. The dficollement zone, essentially the 
plate boundary, separates the undeformed underthrust sediments 
from a complexly deformed accretionary prism. Fluid flow out of 
accretionary prisms occurs by distributed flow through 
intergranular permeability and by focused flow along fault zones 
and depends on large-scale permeability. 

Elevated pore fluid pressure [Westbrook et al., 1982] has long 
been recognized to maintain large parts of accretionary prisms 
near failure conditions [von Huene and Lee, 1982], resulting in 
complex interactions of strain regimes and fluid circulation. 
Expelled fluids from accretionary wedges have been shown to be 
transported from great depth within the prism [Cloos, 1984; 
Moore et al., 1987; Moore and Vrolo'k, 1992]. Changes of flow 
rate of expelled fluid could be related to the state of stress 
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[Moore, 1989; Vrolijk, 1987; Moore et al., 1988] and to seismic 
hazard by the seismic pumping mechanism [Sibson et al., 1975]. 
Studies along the outer eastern Nankai accretionary wedge 
showed that the fluid circulation is mostly related to active faults 
and near-surface highly permeable zones [Le Pichon et al., 
1992]. 

The Nankai trench results from the subduction of the 

Philippine plate under Eurasia (Figure 1). The Kaiko-Nankai area 
has been studied through the Kaiko scientific project since 1984 
[Le Pichon et al., 1992]. Improvement in the detection of 
precursors of strong earthquakes in the Tokai area is of great 
importance as a magnitude 8 earthquake is expected in the 
eastern part of this area with an expected displacement on the 
fault about 4 m [Ishibashi, 1981]. Monitoring long-term 
variations of fluid flow at the toe of the east Nankai Trough has 
been proposed to improve the prediction of earthquakes in the 
region. Electrokinetic potentials on the ocean floor have been 
proposed to monitor long term variations of fluid flow thus 
giving way to a precursory electric signal [Boulbgue et al., 1985; 
Segawa and Toh, 1992; Heinson and Segawa, 1997]. 

In this paper a very simple analytic model is first considered, 
then a three-step finite element numerical calculation [Massd and 
Berthier, 1995] taking into account the convection current 
induced by electrokinetic phenomena and the conduction current 
(back current) is developed. We discuss the possibility of 
detecting the variations of flow rates of fluids expelled from an 
accretionary wedge by monitoring changes of the magnetic or 
electric field. In this paper we propose to model and to compare 
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the possibilities of measurements: vertical electric field and 
horizontal magnetic field measurements in borehole, horizontal 
electric field, and horizontal magnetic field measurements at the 
seafloor. In our model, hydraulic flow and electric current have 
been modeled to compute the magnetic and electric field induced 
by the coupling between the fluid flow and the electric current. 
The questions are as follows: (1) What are the calculated values 
of the electric and magnetic fields related to fluid circulation not 
only at the surface of the prism but also deep in the sediment? (2) 
What are the relative advantages of surface or borehole 
measurements? (3) What measurements or combination of 
measurements constitute the best experimental strategy to 
monitor fluid flow variations? 

2. Electrokinetic Effect 

When a fluid is flowing through porous sediments, a 
convection electric current is induced. The electric current 

density associated to this electrokinetic phenomenon is 

Jcoliv = Cs (Jr grad P (1) 

where grad P is the pressure gradient creating the fluid flow, (Jr 
is the electric conductivity of the formation, and C is the 

s 

electrokinetic coupling coefficient (in V/Pa). The electrokinetic 
coupling coefficient is 

c s =/x/av = (2) 
where q is the zeta potential at the rock/fluid interface, and (J? •, 
and rl are the electric conductivity, the electric permittivity, and 
the shear viscosity of the circulating fluid, respectively. This 
expression is the Helmholtz-Smoluchowski equation, and it 
implies that the surface conductivity is small and negligible 

compared to the fluid conductivity (Jf [Dukhin and Derjaguin, 
1974]. Note that the electric current is assumed to have the same 
path as the fluid flow in the porous medium. The electrokinetic 
coupling coefficient is positive or negative depending on the sign 
of zeta potential; it is negative for most rock. Electrokinetic 
phenomena are due to the existence of an electric double layer 
formed at the solid-liquid interface [Stern, 1924]. The double 
layer is made up of a layer of ions adsorbed on the surface of the 
matrix and of a diffuse mobile layer extending into the liquid 
phase. The zeta potential is the electric potential on the plane 
closest to the surface of the matrix on which fluid is in motion. In 

response to this convection current a conduction current or back 
current, governed by Ohm's law, is generated and the total 
electric current density J is related to the forces grad V and 
grad P by 

..jr-- ..jr + Jcond = C (Jr grad P - (Jr grad V (3) COlIV S 

where V is the electric potential [Nourbehecht, 1963]. 

3. Models 

3.1. Simple Analytical Model 

We have first developed a simplified analytical model to 
estimate the maximum electric and magnetic fields that could be 
induced by fluid flow. The fluid paths in accretionary prisms are 
commonly thought to be confined in the dOcollement and in the 
major thrust faults [Moore, 1989]. We have considered a simple 
geometry of two fault planes in which fluid is assumed to flow. 
These thrusts have an electrokinetic coupling coefficient C and 

s 

an electric conductivity (J The permeability inside these thrusts F' 

is assumed to be very high compared to the permeability of the 
sediments outside of these thrusts, so that the fluid flow mainly 
occurs in these thrusts. Note that this geometry of fluid paths can 
be seen at several space scales. We consider two extreme 
approaches, one where the total electric current density within 
the thrusts is assumed to be equal to the convection current d COliV 

and the other where the total electric current density within the 
thrusts is assumed to bc zero. 

3.1.1. Case of maximum electric current density in major 
thrusts. We consider first a case where the conduction current 

•ond created in response to the convection current J occurs COlIV 

mostly outside of the thrusts (Figure 2a). This configuration is 
possible if the electric conductivity outside of the thrusts is not 
very low compared to the one within the thrusts. Then the 
electric current density d = d inside the thrusts can produce a 

COliV 

magnetic field 

B = % / 2d AZ (4) x 

with AZ the width of' the fault [Durand, 1953]. The magnetic 
field B induced by the fluid flow within the thrust is 
perpendicular to the direction of the electric current density 
sheet. B is independent of the distance to the thrust, as shown in 
Figure •a. The magnetic field is uniform above and below each 
thrust with a discontinuity through the thrust. B• and B 2 are the 
magnetic fields induced by thrusts 1 and 2, respectively. Above 
and below the thrusts the magnetic fields add themselves - 

(B l+B2) and (B•+B2) , respectively. Between the two thrusts the 
magnetic field will be lower since B 2 is subtracted from B•. We 
assume here that the electric conduction current density J•ond 
outside of the thrusts induces a magnetic field that is equal to 
zero by symmetry. To have an idea of the order of the magnetic 
field that could be generated, let us calculate the electric current 
density J within the thrusts J = J defining the maximum total COliV' 

current density. Thus the magnetic field induced by this current 
density sheet is 

B = go / 2J AZ = go / 2 C (Jr grad P AZ (4') X COlIV S 

where grad P is the pressure gradient within the thrusts. If grad P 
= AP/AY = 10 MPa/km (hydrostatic pressure gradient pg), (J = 
0.28 S/m and C = -4 mV/ MPa (see section 3.2.2 for [he 

s 

justification of these values), the magnitude of the electric 
current density is J = 0.011 mA/m 2. If we consider a width of COllV 

fault AZ = 10 m (for example, the dOcollement), go/2 = 2x 10 -7, 
the magnetic field is B = 0.07 nT. Above and below the two x 

thrusts we could thus detect 0.14 nT by measuring the magnetic 
field inside the borehole. 

Segawa and Toh [1992] computed the electric field at the 
ocean bottom induced by the streaming current density confined 
in a thrust and showed that the electric field at the ocean bottom 

was proportional to the electric current density. They assumed an 
electric convection current density J - 1 mA/ m 2 and no 

COllV 

conduction current, and computed an electric field of 0.075 
mV/m at the seafloor just above the exit of the fluid flow (in P 0' 

for example, in Figure 2a) and of the order of 1[tV/m at a 
distance of a few tens of meters from the entrainment of the 

fluid. Note that with a value of J = 0.01 mA/ m 2 as we 
COllV 

computed, the electric field at the seafloor computed by Segawa 
and Toh [1992] would be 2 orders of magnitude smaller, 
meaning 0.01 gV/m. 

3.1.2. Case of zero electric current density in major 
thrusts. We consider now that the conduction current created in 
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Figure 1. Location map, from Taira et al., 1991. 

response to the convection current occurs mainly inside the 
thrusts (meaning that the electric conductivity inside the thrust is 
very high compared to the one in the adjacent sediments) and 
balances the convection current so that the total electric current 

density d is zero (Figure 2b). In this configuration, no magnetic 
field will be induced (equation (4)), and the electric field at the 
seafloor computed by Segawa and Toh [1992] would be zero, 
but the electric field within the thrusts will be maximum: d = 0 = 

Cs {Jr grad P - {Jr grad V leads to grad V = C s grad P. If we 
assume a hydrostatic pressure gradient in the thrust grad P = 10 
MPa/km and an electrokinetic coupling coefficient C = -4 mV/ $ 

MPa, the electric field within the thrust will be 0.04 mV/m. This 
electric field could be measured in different boreholes when they 
intercept the same thrust. For example, if the distance between 

P'l and P1 is 300 m, we could expect to measure V]-V' 1 = 12 mV. 
The electric field can be monitored in the same well intercepting 
several thrusts. Thus we would be able to detect any difference of 
pressure gradients in the different thrusts considered. 

The pressure gradient is a key factor needed to compute the 
electric field, since the electric field is directly proportional to the 
pressure field. We could even imagine that if there exists an 
overpressure in a homogeneous formation (no thrust), then an 
electric field will be induced. If we consider now that the 

pressure gradient along the thrust is closer to lithostatic [Moore, 
1989] AP/AY = 30 MPA/km, d is therefore 3 times greater COlIV 

than the calculation considered in the first case and B = 0.21 nT. 
x 

Above and below the thrusts we could thus detect 0.42 nT. In the 
second case the electric field within the thrusts will be 0.12 

mV/m. The electric current density is a key factor for computing 
the magnetic field since the magnetic field is directly 
proportional to this current density. 

Since the real configuration will be included between the two 
extreme cases and the two pressure gradients (hydrostatic and 
lithostatic), we show here that the fluid circulation within thrusts 
could induce a maximum horizontal magnetic field of the order 
of 0.4 nT and a maximum electric field along the thrust of the 
order of 0.12 mV/m. We now develop a more realistic model 
which takes into account the coupled system of convection and 
conduction currents. 

3.2. Numerical Model 

This model proceeds in three steps: first, the hydraulic flow 
circulation is computed using Darcy's law; second, the streaming 
potential and current density are computed using Helrnholtz- 
Smoluchowski's law and the pressure gradient from the previous 
hydraulic step;and third, the magnetic field is obtained from the 
Biot-Savart law and the electric current densities are obtained 

from the previous electrokinetic step. Our approach is very 
different from that of Heinson and Segawa [1997] since 
modeling the porosity reduction within the prism, they showed 
that d6collement permeability has to be very high, and they 
computed the seafloor electric potential. 
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Figure 2. Geometry of the thrusts and borehole considered for the analytic model. P is the pressure and V is the 
electric potential. B is the magnetic field induced by fluid flow and is perpendicular to the figure. Jcond is the 
conduction current density. The total current density within the thrust is assumed (a) to be the convection density 
Jconv or (b) to be zero. 

3.2.1. Geometry of the model. Hydraulic flow and electric 
current are modeled in a system of thrust faults connecting the 
d6collement zone to the seafloor. The geometry of faults has 
been chosen from a seismic reflection study in the Nankai region 
seafloor from Moore et al. [1990] (Figure 3a). The subhorizontal 
interpreted reflector is a sedimentary horizon that has been 
disrupted by the thrust- faulting. The thrust faults are spaced at 2 
kin. In the model the thickness of the ocean sediment is 1000 m 

above the d6collement which is at the bottom, and the ocean 
above has a depth of 1000 m. The d6collement is modeled as 50 
m wide, and the faults are modeled as 10 m wide; the total lateral 
dimension investigated by the model is 48 kin. The model is two- 
dimensional Cartesian and is shown in Figure 3b. 

3.2.2. Physical parameters. Our model of fluid flow within 
an accretionary prism uses Darcy's law with matrix and faults 
being assigned different permeabilities. We consider different 
parts in the Nankai accretionary prism with different physical 
properties- the d6collement and faults which are permeable and 
where most of the fluid flow takes place; the sediments which are 
less permeable and more conductive. The sediments above the 
near-horizontal reflector, called reflector A, are bedded sand, silt 
turbidites, and hemipelagic mud, whereas the sediments below 

the near-horizontal reflector are ash/tuff and hemipelagic mud 
[Winkler and Stewart, 1991]. Permeability data from 
accretionary prisms are limited to measurements from small 
samples and large scale inferences from their matrix or 
intergranular permeability range from 10 -2ø m 2 to 10 -13 m 2 
[Moore and Vrolo'k, 1992]. Permeability of sediments above the 
reflector is about 2x10 -•5 m 2, and permeability of sediments 
below the reflector is about 5x10 -17 m 2 [Taylor and Fisher, 
1993]. The d•collement zone is maintained by high fluid 
pressure [Westbrook ei al., 1982] and acts as a major conduit for 
fluid expulsion [Cloos, 1984; Moore et al., 1987], and high 
fracture permeability is assumed to allow flow along the 
d•collement [Moore, 1989]. Focused fluid flow is 3 to 5 orders 
of magnitude larger than distributed flow, probably representing 
the mean difference in permeability along these respective 
expulsion paths [Screaton et al., 1990; Henry and Le Pichon, 
1991; Moore and Vrolo'k, 1992]. At the Barbados accretionary 
complex, observations of heat flow suggested high permeability 
(10 -12 m 2) within the d6collement zone [Fisher and Hounslow, 
1990]. Moreover, Heinson and Segawa [1997] showed that 
permeability of the d•collement must be -4 orders of magnitude 
bigger than the permeability within the adjacent sediments to 
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Figure 3b. Scheme of the model geometry. Lateral positions of the faults in the ddcollement are 20.1, 22.1, 24.1, 
and 26.1 km from the fluid source, and lateral positions of the vents at the seafloor are 22, 24, 26, and 28 km from 
the fluid source. 

produce observed fluid flow. Permeability has been chosen equal 
to 10 -13 m 2 in faults and 3.5x10 -13 m 2 in the dacollement. 
Therefore the difference in permeabilities between the 
dacollement and the sediments is -2 orders of magnitude for the 
sediments above reflector A and-4 orders of magnitude for the 
sediments below reflector A. Permeabilities are assumed to be 

isotropic. 
Geometry of the electric current path is governed by the 

contrast between the electric conductivity in the dacollement and 
in the thrusts and the electric conductivity in the rest of the 
sediments. Formation factor F, which is the rock resistivity 
divided by the fluid resistivity, is therefore different in the faults 
and in the dacollement and in the adjacent sediments. Sediments 
above reflector A have an average porosity cI) of 45%, while 
sediments below reflector A have an average porosity of 35% 
[Hyndman et al., 1993; Moran et al., 1993]. Porosity in the 
dacollement zone is -25% [Hyndman et al., 1993], and porosity 
in the thrust faults has also been chosen equal to 25%. Formation 
factor F has been deduced from the equation F-(3.8/cI)) 1'14- 
4.755 [Taira et al., 1990] and is equal to 6.6 in sediments above 
reflector A and is equal to 10 below this reflector. In the thrust 
faults and in the dacollement, formation factor is equal to 17. 

The electric conductivity of the fluid c•f is that of seawater 
inside the sediments above reflector A:c•f = 5.3 S/m. As the 
chlorinity concentration has been shown to decrease with depth 
up to 20% at the dacollement depth [Gieskes et al., 1993' 
Kastner et al., 1993], an average decrease of 10% in the fluid 
conductivity has been taken into account below the reflector 

A: c•œ = 4.8 S/m. A decrease of 20% has been taken into account 

Table 1. Physical Parameters for the Model 

k, m 2 Porosity, % F of, S/m 
Sea 5.3 

Upper layer 10 -•5 45 6.6 5.3 
Lower layer 5xl 0 -•7 35 10 4.8 
Ddcollement 3.5x10 -13 25 17 or 6 4.2 
Fault 10 -13 25 17 or 6 5.3 

within the ddcollement: c•f= 4.2 S/to. Within the ddcollement the 
electrical conductivity is c• r = •œ/F = 0.25 S/m, below reflector 
A, c• r = 0.48 S/m, above reflector A, c• r = 0.80 S/m, and within 
the thrusts, c• r = 0.31 S/m. Note that since the porosity is lower 
within the thrusts and ddcollement than within the adjacent 
sediments, the conductivity is lower within the thrusts and 
ddcollement than within the adjacent sediments, although the 
permeability is larger [Langseth and Moore, 1990]. The physical 
parameters are summarized in Table 1. Our approach is different 
than the one from Heinson and Segawa [1997] since they 
considered only a change in permeability through the 
dacollement compared to the prism sediment and assumed 
conductivity as a function of depth without special change 
through the ddcollement. 

The zeta potential (equation (2)) reflects the interaction 
between the fluid and the matrix, and it depends on many 
parameters such as the nature of fluids (ions concentration, 
conductivity, pH, temperature) and the nature of rocks 
(mineralogy, surface conductivity). In subduction zones, most 
sediments are terrigenous clastic deposits containing clay 
minerals such as smectite or illite. Streaming potential is usually 
investigated in quartz-water systems [Ishido and Mizutani, 
1981], on sands and sandstones [Sharma et al., 1987; Jouniaux 
and Pozzi, 1995a, 1997; Lorne et al., 1998a, 1998b] or on 
limestones [Jouniaux and Pozzi, 1995b; Jouniaux et al., 1996]. 
For a quartz system with NaCI solution the zeta potential is 
expected to be equal to -25 mV for a concentration of 10 -• rnol/L 
corresponding to a conductivity of 1 S/m [Pride and Morgan, 
1991; Revil and Glover, 1997]. Measurements of zeta potential 
by electrophoresis on kaolinite showed a zeta potential of about - 
32 mV with a solution of NaC1 10 -• mol/L for a pH 5.5 to 7.5 
[Poirier and Cases, 1985]. 

The effect of temperature on the zeta potential is still 
controversial as only few studies are available [Somasundaran 
and Kulkarni, 1973; Ishido and Mizutani, 1981]; as a 
consequence, the zeta potential has been considered to be 
constant in our model without taking into account the effect of a 
thermal gradient. Moreover, the effect of methane detected in 
variable concentrations in fluids [Moore and Vrolo'k, 1992] is not 
known on the zeta potential. In our model the zeta potential has 
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therefore been chosen as constant and equal to -30 mV. This 
value leads to an electrokinetic coupling coefficient (equation 

(2)) C s = -4 mV/MPa (with g= 7x10 -lø F/m, rl = 10 -3 Pa s, and of 
= 4.8 S/m). 

3.2.3. Three-step modeling. Electromagnetic models of 
electrokinetic phenomena require coupled modeling of fluid 
flow, electric (streaming) potential and magnetic field. The 
coupling of the potential gradient with the pressure gradient is 
taken into account. The electroosmotic coefficient term is 

negligible [Fitterman, 1978], leading to Darcy's law for the fluid 
flow. Such an approach has been implemented in the FLUX- 
EXPERT generation system "open codes" where an equation or a 
system of differential equations can be introduced by the user 
[Massd and Berthlet, 1995, 1996] using the following options: 
second-order curvilinear finite elements, second-order curvilinear 
boundary elements, G.auss-Legendre approximations for integral 
calculations, Lagrangian second-order polynomials for test and 
interpolation functions, and incomplete Cholesky conjugate 
gradient method for solving linear systems. 

3.2.3.1. Hydraulic modeling: The fluid is presumed to be 
injected into the d•collement at the left of the model, and it flows 
within the d•collement, the thrusts, and the sediments. The flow 
rate of water entering the d•collement fault at its left end and 
exiting at its right end is not exactly known and is used here as a 
source to create fluid flow inside the thrusts. It is assumed that 

fluid velocities entering and exiting the d•collement are 50 and 
25 m/yr respectively, because these values will be shown to 
produce reasonable Darcian fluid flow velocities at the fault 
outlets on the seafloor. The model considered here is a steady 
state model. 

Inside porous media the flow of water is sufficiently slow so 
that it is ruled by Darcy's law where the permeability coefficient 
is a tensor 

u = - [kj grad P (5) 
q 

where u is the Darcy fluid velocity, P is the pressure, and [k] is 
the permeability tensor. The pressure gradient inducing the flow 
is either steady or slowly oscillating at a low frequency so that 
inertial effects are small compared to viscous ones. Taking into 
account the conservation of the flow rate, (5) yields 

div(- [k] grad P) = 0 (6) 

The pressure computed here is in reality the excess pore pressure, 
meaning the pressure difference between total pressure and 
hydrostatic pressure. 

To solve for the pressure, boundary conditions are needed 
either on the pressure itself or on the flux F = -(k/q) grad P.n, 
where n is the vector normal to the fluid inlet. An initial state 

must be given for the pressure at the initial time step. At the 
boundaries of media of different properties, the mass flow is 
conserved, i.e., 

[k•]gradPn! P2 [k2]gradPn2 (7) Pl = 
q q 

Boundary conditions for the excess pressure are zero at the two 
lateral ends inside the sea domain. There is no fluid flow 

perpendicular to the lateral sides in the sediments (dP/dn = O) 
and no flow perpendicular to the bottom of the d6collement 
(dP/dn'= O, n' being the normal to the bottom). The sea is 

modeled as a medium of high permeability (k = 5x10 -9 m 2) 
which was determined only by consideration of convergence of 
the numerical system and not on a physical ground, since the 
fluid velocities inside the sea do not produce any electrokinetic 
phenomena. The dynamic viscosity of water is presumed 
constant in the whole computational domain and equal to 103 Pa 
s. Once the fluid pressure field has been calculated the Darcian 
fluid velocities are obtained from (5). 

3.2.3.2. Streaming potential modeling: The frequency of 
the pressure oscillati6ns being very low, the electromagnetic 
field conforms to the Maxwell equations in their static 
approximations (< 100 Hz). The electric field being irrotational, it 
is given by E = - grad V, where V is the electric scalar potential. 
Ohm's law states that the current density d is the sum of a 

conduction current and a convection current J = of E + pe u, 
where Pe is the electric charge. Then using (7) and the Debye 
approximation for the double layer [Overbeck, 1952], one 
obtains the Helmholtz-Smoluchowski expression for the total 
current density J: 

J=-[G}x f grad V + [G]g• grad P (8) 
q 

where[G] is a geometrical tensor linked to the global 

conductivity (Jr and fluid conductivity of by the relation 
Or=[G ] of (G is the inverse of the formation factor F). In our 
application the pressure gradient is the source term, and the 
streaming potential V is the response to this source. Using the 
current conservation equation div J= 0, (8) can be written in the 
form 

div([G]• f grad V)= div([G] • grad P) (9) 
q 

The coefficients G, •; of, rl, a,nd g have been kept inside the 
divergence because they are allowed to change spatially. At a 
boundary between two porous media the following relation 
holds: 

-[G 1 ](• f grad V nl + [G1 ]g• grad P nl- [G2]cr f grad V n2 
q 

+ [G2]S• grad Pn2 = O 
q 

The electrokinetic step has Been divided into two consecutive 
substeps: 

First, the streaming potential V is solved in (9) by considering 
only the part of the domain below the seafloor. The boundary 
conditions for V are then V=0 at the seafloor (this hypothesis will 
be shown to be valid at the next substep). On the lateral sides of 
the sediments the electric current is vertical (dV/dn = 0), and at 
the bottom of the d•collement the current is horizontal (dV/dn'= 
0). The potential is assumed uniform within the thickness of the 
d•collement where the flow enters and exits the domain. 

Second, the electric potential is computed in the sea using the 
electric current densities computed on the seafloor in the 

previous step and solving the equation div(of grad V)=0. The 
potential is considered equal to zero at the two lateral ends of the 
sea region. Such an approach ensures the conservation of the 
electric current density d at the seafloor, but a very slight 
discontinuity is observed in the potential V. However, the 
discontinuity is negligible since the potential in the sea is about 
1000 times less than the potential under the seafloor. If the 
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potential computed at the seafloor is now taken as the limit 
boundary in order to compute the potential in the sediments, the 
results are not different. 

3.2.3.3. Magnetic field modeling: The Maxwell laws in a 
quasi-static expression are curl H = J and div B = 0, where H is 
the magnetic field (A/m) and B is the magnetic induction (in 
tesla). We can define a potential vector A such as B = curl A and 
choose the Coulomb gauge div A = 0. Recalling that B = gH, 
where g is the magnetic permeability, the potential vector 
satisfies the relations div A = 0, and the Biot-Savart law 

curl(lcurlA)=-[G]c•fgradV + [G]g• grad P (10) 
•t q 

. 

The current densities J have been computed in the previous step 
for the whole computational domain. The natural boundary 
conditions between two different media are 

(1/gl)curl A^ nl + (1/g2)curl A^ n2 = 0 and A = 0 at infinity. 
The vector potential A is obtained by solving (10) with the 

following boundary conditions: Ax = Ay = 0 at the sea surface 
and at the two lateral ends of the computational domain. Ax = 0 
at the lower boundary (below the d6collement). The first 
boundary condition is valid only if the electric currents 
circulating outside the computational domain do not contribute 
to the magnetic field inside the domain. It is clear that such a 
hypothesis is not valid inside the domain close to the boundaries, 
but as we chose a large computational domain and as the level of 
the magnetic field is small (as will be shown in section 4.3), this 
hypothesis seems reasonable for the calculation in a restricted 
domain around the faulted zone. The second boundary condition 
is simply the consequence of no electric currents circulating 
downward from the d6collement. The value of the magnetic 
permeability is constant over the whole domain and equal to that 
of a vacuum. As the calculation is two-dimensional, there exists 
only one component (normal to the domain) of the magnetic 
field. 

4. Results 

The results have been plotted in Plates 1-6 and Figures 4-6. 

4.1. Fluid Circulation 

The excess fluid pressure in the accretionary prism has been 
plotted over the whole computational domain in Plate l a and in 
the fault system in Plate lb. The pressure source is localized on 
the left side of the d6collement. The numerical results show an 

excess pressure gradient inside the thrust faults of-10 MPa/km. 
Fluid pressures in accretionary prisms are cormnonly high but 
range from hydrostatic to lithostatic [Moore, 1989]. At shallow 
depth the pressure gradient is thought to be almost hydrostatic 
(10 MPa/km) [Moore, 1989], meaning an excess pressure 
gradient near zero. Temperature measurements below clam 
colonies on the Nankai accretionary prism showed an excess 
pore pressure gradient of 10 Pa/m over 1-2 m depth [Henry et al., 
1992]. At depth the pressure gradient is closer to the lithostatic 
gradient (about 30 MPa/km) [Moore, 1989], meaning an excess 
pore pressure gradient of-20 MPa/km. The Hubbert and Rubey 
[1959] dimensionless parameter 3, defined as the fluid pressure 

Pf divided by the vertical stress c• z exerted by the lithostatic 
overburden 3, = Pf/C•z, allows us to quantify the overpressure. 
The graph of pressure from Moore [1989, Figure 10] shows X, of 
- 0.75 near the d6collement and -0.6 at a depth half that of the 
d6collement (let us say 500 m depth in our case). Westbrook et 

al. [1982] reported that the low stresses required on the 
d6collement on the lesser Antilles subduction zone are made 

possible by pore water within the d6collement at pressure close 
to that of the lithostatic load ()• = 0.81 to 0.97). Water pressures 
approximately equivalent to the lithostatic load were inferred 
close to the d6collement on the Barbados ridge complex 
[Westbrook and Smith, 1983]. Fluid pressures at near lithostatic 
values are also invoked to develop laterally extensive 
fractureways filled with dewatering fluids derived from deeper 
underthrust water-rich sediments [Cloos, 1984]. The pore fluid 
pressure ratio of Hubbert and Rubey [ 1959] has been generalized 

to the case of a submarine wedge [Davis et al., 1983]: •= (P.f 
pwgD)/(C•z-pwgD ), where pwgD is the hydrostatic pressure at the 
seafloor (10 MPa in our case since the seafloor is at 1 km depth). 
This parameter is equal to 1 when fluid pressure is equal to the 
lithostatic pressure and equal to -0.4 when the fluid pressure is 
equal to the hydrostatic pressure. This coefficient has been 
predicted for various'accretionary wedges from the pressure- 
dependent Coulomb wedge theory and has been shown to be 
-0.7-0.9 [Davis et al., 1983]. Recent study of the d6collement 
propagation as a subhorizontal tension fracture requires also high 
pore pressure within the d6collement [Morgan and Karig, 1995]. 
It seems therefore that X, of-0.7-0.9 is considered as a reasonable 

value within the d6collement. The value of X, deduced from our 

model is plotted in Figure 4. The X, values range from 0.65 to 1 
within the d6collement in the faults domain. Note that it is not 

the scope of this paper to deal with hydrofracture and that the 
realistic model is represented by the faults domain, not near the 
boundaries of the whole computational domain. 

The distribution of the fluid velocity in the second fault is 
shown in Plate 2 in which the velocity vector has been plotted. 
The fluid velocity is of the order of 1 m/yr at the output of the 
thrust. Note that the upward Darcian fluid flow velocity in the 
Nankai region has been deduced from temperature measurements 
and has been found to be of the order of 10 m/yr at some fluid 
venting at the seafloor and of the order of 100 m/yr above the 
most active faults [Le Pichon et al., 1992; Henry et al., 1992]. 
The threshold of detection of the Darcian velocities deduced 

from these temperature measurements is 10 m/yr [Henry et al., 
1992], so that our corfiputed values of the order of 1 m/yr seem 
to be reasonable values. 

4.2. Streaming Potential 

The electric potential repartition has been plotted in Plate 3a 
for the whole computational domain and for an enlargement of 
the fault zone in Plate 3b. The electric potential at the seafloor is 
constant and is < 1 mV in absolute value. As a consequence, the 
horizontal electric field is zero at the seafloor. 

The electric potential increases with depth (in absolute value) 
up to > 45 mV near the d6collement at the second fault. The 
electric potential has been plotted versus depth in Figure 5, just 
above the the second vent (squares) (lateral position 24,000 m in 
Plate 3b), and between the first and second vent (triangles) 
(lateral position 23,000 m in Plate 3b). The potential increases 
with depth, and the result of the least squares regression for the 
first 500 m depth shows that the potential is given by V(mV) = - 

0.9-0.005xD ,. (m) and V(mV) = 1.3-0.026XDepth(m) for profiles . . eptn .. . 
above the vent and between the vents, respectively. Therefore the 
rate of potential increase with depth is larger when along a 
profile between two vents. Below reflector A at-500 m depth, 
the rate of potential increase is larger, because the medium is less 
conductive (Figure 3 and Table 1), and the vertical electric field 
is between 90 and 100 mV/km (Figure 5). Note that far from the 
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Plate 1. Pressure distribution (a) in the whole computational domain (48 km large) and (b) in the four thrusts 
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Plate 2. Distribution of fluid velocity within the second thrust (lateral location from 22.5 km to 24.5 km). The 
seafloor level is at -1000 m. 
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Plate 3. Streaming potential distribution (a) in the whole computational domain (48 km large) and (b) in the four 
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Figure 5. Streaming potential versus depth (below the seafloor) for lateral positions 24,000 m (squares) and 
23,000 m (triangles), which are above the second vent and between the first and second vent, and for lateral 
position 45 km (diamonds) which is far from the source. Open symbols are for the case when F=17 in the 
d•collement and in the faults and when the d•collement width is 50 m. Solid symbols are for the case when F=6 in 
the d•collement and in the faults and when the d•collement width is 20 m. 
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fluid source, at 45 km,'for example (Plate 3a) the vertical electric 
field is zero up to reflector A (Figure 5, diamonds) and of-31 
mV/km below this reflector A. 

Because we take into account the conduction current in our 

model, we find a small current density of the order of 0.5-2xl 0 -5 
A/m 2, since the back current is opposite to the convection 
current. The faults clearly drain the electric current through the 
domain from the d•collement to the sea. 

4.3. Magnetic Field 

The current density computed by our model is localized in the 
vertical plane, as the calculation is two-dimensional, and the 
magnetic field due to this current density will have a component 
perpendicular to this vertical plane. The horizontal magnetic field 
anomaly is shown in Plate 4a for the fault domain and in Plate 4b 
for the second fault. 

The horizontal variation of the magnetic field at the seafloor is 
shown in Figure 6. The horizontal gradient of the magnetic field 
is -2 nT/km at the seafloor in the faults domain (Figure 6). The 
vertical variation of the magnetic field above the second vent 
(lateral distance 24,000 m in Plate 4a) and between the first and 
second vent (lateral distance 23,000 m in Plate 4a) is shown 
Figure 6 (squares and tri•tngles, respectively). The magnetic field 
increases with depth and for the first 400 m depth the magnetic 

field is given by B(nT) = 7.6+0.0077xDepth(m ) and B(nT) = 

9.3+0.0149XDepth(m ) (open symbols) for profiles above the vent 
(squares) and between the vents (triangles), respectively. 
Therefore the rate of magnetic field increase with depth is larger 
between two vents. Then the rate of increase of the magnetic 
field is decreased around the 500 m depth where reflector A is 
located. The magnetic field is even constant between 400 and 
700 m depth for the profile made between two vents since the 
isovalues of the field are distorted (Plate 4). Then the vertical 
gradient of the magnetic field is 11 nT/km at depth (Figure 6, 
open symbols). Note that far from the fluid source the vertical 
gradient of the magnetic field is zero (Plate 4a). 

The model has been calculated with the physical parameters 
discussed above. In this paragraph we analyze the stability of the 
streaming potential against the possible variation of these 
parameters. As shown.by Plates 1 and 3 the streaming potential 
reflects directly the excess pressure within the prism. If the 
pressure gradient is multiplied, for instance, by 2, the same 
increase is expected in the streaming potential (see equation (9)). 
If the fluid conductivity is decreased by 20% as discussed above, 
then the streaming potential is expected to be increased by 20% 
(see equation (9)). The streaming potential is proportional to the 
zeta potential within the electric double layer. The zeta potential 
is deduced from available measurements on a quartz-water 
system and kaolinite. Better constrained values can be expected 
from further experimental work [than Jouniaux et al., 1994] on 
proper rocks from an accretionary prism. 
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Figure 6a. Magnetic field at the seafloor for lateral positions from 19 to 27 km. Open symbols are for the case 
when F= 17 in the d•collement and in the faults and when the d•collement width is 50 m. Solid symbols are for the 
case when F=6 in the d•collement and in the faults and when the d•collement width is 20 m. 
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Figure 6b. Magnetic field versus depth (below the seafloor) for lateral positions 24,000 m (squares) and 23,000 m 
(triangles) , which are above the second vent and between the first and second vent. Open symbols are for the case 
when F =17 in the d6collement and in the faults and when the d6collement width is 50 m. Solid symbols are for the 
case when F=6 in the d6collement and in the faults and when the d•collement width is 20 m. 

4.4. Effect of D6collement Width and Conductivity 

Since the permeability is higher in the faults and in the 
d6collement because of fracture porosity, it might be possible 
that the conductivity is anomalously high along the fault and 
d6collement and that the relationship between porosity and 
conductivity (described in section 3.2.2) is not appropriate for 
the fault zone and the d6collement. A numerical simulation was 

performed where rock conductivity is increased in the faults and 
d•collement. Formation factor was chosen to be equal to 6 in 
order to induce a rock conductivity of 0.88 S/m within the faults 
and 0.70 S/m within the d•collement, compared to 0.80 and 0.48 
S/m in the sediments above and below reflector A, respectively. 
The hydraulic results •tre not dependent on, the formation factor 
since the formation factor is not included in the pressure and 
fluid flow computation (equations (5), (6), and (7)). The electric 
potential remains the same as in Plate 3, since both the electric 
convection current and conduction current are proportional to the 
formation factor (the inverse of G in equation (8) and (9)) but 
opposite in direction, so that the important parameter for the 
electric potential distribution is the water conductivity (see 
equation (9)). However, since the electric current density is 
changed, the magnetic field is changed (see equation (10)), so 
that it is decreased by about a factor 3 (Plates 5a and 5b). 

Let us now test the effect of the d6collement width on the 

results of the numerical model. The d6collement width could be 

lower, for example, 20 m, and it might affect the electric 

potential and magnetic field results. A numerical simulation was 
performed with a d•collement width of 20 m (Plate 6). In order 
to have reasonable overpressure (correct •, values between 0.7 
and 0.9 in the d•collement) in the faults zone the fluid velocity 
entering the d•collement has been decreased, and the pressure 
gradient in the faults' is decreased. The fluid velocity at the 
output of the thrust is decreased up to 0.2 m/yr for the second 
fault. In consequence, the electric potential is decreased by a 
factor 2 to 4, specially below the reflector A (Figure 5, solid 
symbols), the shape of the isovalues being the same, since the 
electric potential reflects directly the pressure field (equation 
(9)). The vertical electric field is 8.9 and 9.7 mV/km in the first 
500 m depth for profiles above the vent (Figure 5, solid squares) 
and between the first and second vent (Figure 5, solid triangles). 
Below reflector A the vertical electric field is 48 to 52 mV/km 

(solid symbols, Figure 5). The horizontal gradient of the 
magnetic field remains about 2 nT/km, and the magnetic field is 
decreased by a factor 2 at the seafloor (Figure 6, solid symbols) 
and in depth (Figure 6): 4 and 5 nT/km for profiles above the 
vent (solid squares) and between the first and second vent (solid 
triangles), meaning that the total electric current density in the 
faults is decreased. 

5. Discussion 

When considering the first case of the simple analytical model 
where the electric current density is maximum within the faults 
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(equal to the convection current) and all the conduction current is 
within the sediments, we know that the magnetic field is 
inversely proportional .to the formation factor (see equation (4')), 
so that a decrease in the formation factor (from 17 to 6, as 
performed when considering an increase in rock conductivity 
within the faults) would induce an increase in the magnetic field. 
On the contrary, when all the conduction current is confined 
within the faults, the total electric current density within the fault 
is zero and no magnetic field is induced (see section 3.1). 
Therefore the results of the numerical modeling, showing that the 
magnetic field is reduced when the rock conductivity of the 
faults and d•collement are increased, mean that the back 
conduction current is reduced within the sediments and increased 

within the faults and the d•collement. The reducing of 
contribution of the faults, it is why the isovalues of the magnetic 
field have not exactly the same shape (Plates 5a and 5b compared 
to Plates 4a and 4b). 

5.1. In Situ Measurements of Fluid Flow Variations 

The results of the model permit discussion of the sensor 
geometry to best measure the two parameters that could 
potentially be followed to monitor fluid flow variations: the 
electric field and the magnetic field, assuming steadystate flow. 
If boreholes were drilled into the accretionary prism, the vertical 
electric field could be measured between the levels in the 

borehole and the seafloor. Since the rate of potential increase 
with depth is larger when doing a profile between two vents than 
above one vent, it would be more appropriate to perform 
measurements between two vents. In that case the expected 
values of the potential deduced from Figure 5 (solid symbols, 
when the conductivity is high (F-6) in the d•collement and in 
faults and the d•collement width is 20 m) are -4, -9.5, -14.5, and 
-25 mV at depths of 200, 400, 600, and 800 m, respectively. The 
deeper the borehole, the larger the measured electric field. It is 
shown here that with the chosen geometry and when the back 
current is taken into account, the electric field has to be measured 
in boreholes instead of at the seafloor as proposed by Segawa 
and Toh [1992], who found an horizontal electric field of-1 
gV/m. 

A measurement of the magnetic field implies borehole 
measurement or seafloor measurement in the faults domain. For 

the borehole measurements, as for the electric measurements, it 
would be more appropriate to drill between two vents since the 
rate of increase of the magnetic field is larger there (Figure 6). A 
differential measurement performed between the seafloor and 
levels in the borehole, .when the conductivity is high (F=6) in the 
d•collement and in faults and the d•collement width is 20 m, 
could yield a magnetic field intensity of 5.5, 6.5, 7.5, and 8.5 nT 
at depths of 200, 400, 600, and 800 m, respectively. The deeper 
the borehole, the larger the measured magnetic field. 

Note that all the measurements could be performed in the 
same borehole drilled between two vents since it seems more 

appropriate for both electric and magnetic fields. Monitoring 
fluid flow variations implies the ability to follow the temporal 
variations of the electric and magnetic field. 

5.2. Temporal Variations 

Fluid inclusion analysis on rocks from the Kodiak 
accretionary complex showed that fluid pressures drop by 20% to 
45% during the growth of quartz veins, suggesting that the 
deformation induces a local effect of fluid escaping to shallow 
levels in the subduction complex, possibly along an 

interconnected fracture network [Vrolij'k, 1987]. The model 
proposed by Vrolijk implies cyclic variations of fluid pressure at 
near-lithostatic pressure. Moore [1989] proposed that episodicity 
of fluid flow along d•collement zones may be explained by a 
deformational pumping mechanism by cycles of dilatation and 
flow to the d•collement zone followed by failure and fluid 
expulsion along the d•collement zone. Moreover, calculations 
based on thermal gradient and heat flow data from the Barbados 
accretionary complex are consistent with transient fluid flow 
along high-permeability conduits within the sediments, starting 
and stopping over intervals of decade to tens of thousands of 
years [Fisher and Hounslow, 1990]. At a shorter scale > 1 
month, on the Nankai accretionary wedge, Darcy velocity 
deduced from temperature measurements to a depth of 60 cm 
over a very active fluid vent (fluid velocity of 100 m/yr) has 
shown fluctuations of-15% which may be periodic and has 
shown an increase of 30% over the 1 month period of the 
observation [Foucher et al., 1992]. We therefore consider a 
change of 20% in the fluid flow velocity due to a 20% change in 
the fluid pressure. The resulting variations in the streaming 
potential and magnetic field inside a borehole between two vents, 
when the conductivity is high (F=6) in the d•collement and in 
faults and the d•.collement width is 20 m, are expected to be -1.9 
mV and 1.3 nT at depth 400 m, -2.9 mV and 1.5 nT at depth 600 
m, and -5 mV and 1.7 nT at depth 800 m. Direct fluid pressure 
measurements could be performed in borehole to complete these 
electric measurements. When monitoring the magnetic field at 
the seafloor, the variation is expected to be a change of 0.4 
nT/km. Since the streaming potential is proportional to the fluid 
pressure, this justifies the use of a steadystate model in 
describing such variations of fluid pressure, streaming potential, 
and magnetic field anomaly. Note that if the fluid velocity 
change is only due to a permeability change (pressure gradient 
constant), then the streaming po•tential will remain constant (see 
equation (8)). 

What about possible coupled change in permeability, fluid 
velocity, and fluid pressure? The permeability along the 
d•collement is presumably much lower when pore pressure is 
low and fluid is not allowed to flow [Fisher and Hounslow, 
1990]. High permeabilities are thought to be associated with 
anomalously high fluid pressures and fluid flow as implied by 
geochemical and thermal anomalies correlated with the 
d•collement zone [Gieskes et al., 1990; Kastner et al., 1993]. 
Rhodochrosite filled veins in the scaly fabrics of the d•collement 
zone at the Barbados ridge suggest that fluid pressures were 
sufficiently high to allow the d•collement zone to open for fluid 
flow [Moore et al., 1987]. If an increase in permeability and in 
pressure occurs in the d•collement and in the major thrusts, the 
streaming potential will be increased, but only by the amount of 
the pressure increase as shown by equation (9). 

Fluid flow can be deduced from pressure gradient 
measurements within venting clam colonies. In that case, some 
difficulties in inserting the probes into indurated sediments may 
arise [Le Pichon et al., 1992]. Fluid flow can also be deduced 
from temperature measurements; however, only Darcian 
velocities > 10 m/yr can be reasonably estimated. Moreover, 
fluctuations in the bottomwater temperature may perturb the 
measurements. For example, data collected during the Kaiko- 
Nankai cruise at 2000 m depth were impossible to use because of 
a temperature variation at the bottom water of 1 øC [Henry et al., 
1992]. 

The method that we propose to detect fluid circulation 
changes is therefore to monitor the vertical electric field and the 
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horizontal magnetic field in a borehole and the magnetic field at 
the seafloor near the source. Since changes of fluid circulation 
that may be related to seismic activity are expected to have a 
long timescale variation, we need to monitor the electric field 
during several years with the technical problems that are implied. 
To measure the electric field, the electrodes must be very stable 
with time [Filloux, 1987; Petiau and Dupis, 1980; Perrier et al., 
1997]. In order to perform measurements in wells the boreholes 
must produce minimum perturbation of fluid circulation and in 
electric current paths. Therefore the use of the steel casing is not 
possible, and the use of an openhole causes the tools to be lost in 
the hole collapse. 

The variations of the magnetic field are measurable, 
considering that a installed nuclear magnetic resonance (nmr) 
magnetometer has an accuracy of 0.05-0.1 nT with an 
appropriate reference for differential measurements. These nmr 
magnetometers measure the modulus of the magnetic field, i.e., 
the projection of the anomaly in the direction of the Earth's 
magnetic field to a first-order approximation. Note that the 
measurements at the seafloor are likely to be disturbed by the 
water movement at all scales from local bottom currents to large- 
scale oceanic streams as the "Kuroshio" western boundary ocean 
current [Segawa and Toh, 1992]. 

6. Conclusion 

We showed that the fluid circulation in an accretionary prism 
could produce an electric field and a magnetic field due to 
electrokinetic coupling. The detection of fluid flow rate 
variations could be best performed by monitoring the vertical 
electric field and the vertical gradient of the horizontal magnetic 
field in a borehole drilled between two vents and by monitoring 
the horizontal gradient of the magnetic field at the seafloor. A 
variation of 3 mV and 1.5 to 3 nT at 600 m depth in a borehole 
could reveal a fluid flow rate variation of 20%, which is a 
reasonable fluid flow change based on some observations at 
short-scale time. Since a 1.5 to 3 nT anomaly seems easier to 
detect than a 3 mV anomaly, it is likely that the variation of the 
magnetic field would more sensitively reveal fluid flow 
variations. When monitoring the magnetic field at the seafloor, a 
change of 0.4 nT/km in the horizontal gradient could reveal a 
fluid flow rate variation of 20%. 
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