EPSL

ELSEVIER

Earth and Planetary Science Letters 210 (2003) 579-586

www.elsevier.com/locate/epsl

A theoretical model for reverse water-level fluctuations
induced by transient permeability in thrust fault zones

Eyal Stanislavsky*, Grant Garven

Department of Earth and Planetary Sciences, Johns Hopkins University, Baltimore, MD 21218, USA
Received 6 December 2002; received in revised form 13 March 2003; accepted 14 March 2003

Abstract

A numerical model was applied to simulate the poroelastic response to changes in fault permeability as a result of
earthquakes. The ‘fault valve’ model describes faults as impermeable barriers for fluids except immediately after
earthquakes, when fault zones are damaged and transient pathways for fluids are created. In this case the fault is
viewed as a discharging well, draining fluids from the surrounding rock. The reverse water-level effect is characterized
by the increase of water level in adjacent aquifers and aquitards, resulting from withdrawing fluids through a well.
Theoretical calculations suggest that the reverse water-level effect exists also in earthquake cycling and is in the same
order of magnitude as the co-seismic hydraulic head change. A significant rise of the hydraulic head (>1 m) occurs
within the country rock from both sides of the fault. The rise of the water level takes months to years to occur, and
perhaps that is why it cannot be easily distinguished from seasonal hydrologic changes observed in the field. The
reverse water-level effect also propagates away from the fault at a rate of hundreds of meters per year, depending on
the permeability of the country rock. In deep formations where the permeability is low, the propagation takes years.
The magnitude of the reverse water-level effect is greater when the fault efficiently drains fluids, when it is highly
permeable and slow to reseal.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction to the pressure of the fluid and act as an internal

force that resists load [3]. In fault zones, increas-

The mechanical interplay between groundwater
and tectonic stress is crucial for understanding the
geophysical processes associated with earthquakes
and the seismic cycle. Following an earthquake,
changes in groundwater level and surface water
discharge are well known [1,2]. Pore fluids sup-
port a part of the normal stress that is equivalent
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ing fluid pressure changes the fault shear strength,
thereby increasing the tendency for triggering an
earthquake as the strength decreases [4]. Further-
more, fault zones are thought to control fluid mi-
gration by changing their permeability during an
earthquake cycle.

The ‘fault valve’ model describes faults as im-
permeable barriers for fluids except immediately
after earthquakes, when fault zones are damaged
and transient pathways for fluids are created [J].
When the fluids in the crust are overpressured, the
faults act like a valve, draining fluid upwards be-
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fore the fault is resealed due to hydrothermal min-
eralization. A necessary condition for fault valve
behavior is the presence of a laterally extensive
hydrologic barrier that maintains a suprahydro-
static (overpressured) pressure gradient. Evidence
of fault valve behavior was indicated by increas-
ing post-seismic spring discharge [1,6] and petrol-
ogy of ancient faults [7-9].

As a consequence of the fault permeability in-
crease immediately after an earthquake and the
subsequent drainage of fluids through the faults,
the mechanical behavior of the fault is changed
from undrained behavior towards drained behav-
ior as t—oo. Thus, complex poroelastic behav-
ior takes place when coupling the hydrological
changes with the mechanical changes associated
with the earthquake [10]. To explore the physical
behavior of a porous medium after an earth-
quake, we have conducted a theoretical study
where we mathematically model the medium’s
pore pressure and stress evolution after an earth-
quake, using a finite-element code for a two-di-
mensional, plane strain cross-section. In this mod-
el we are able to control the different hydrological
and mechanical variables, which allows us to
quantify each poroelastic process.

2. The reverse water-level effect

It has been observed in many field tests that
when groundwater is pumped from an aquifer,
the water level may momentarily increase in ad-
jacent aquifers and aquitards [11-15]. This reverse
water-level response was first observed in Noord-
bergum, The Netherlands, where the phenomenon
earned its name for a special case where the
water-level rise occurs in an aquifer separated by
a confining unit from the pumped aquifer [12].
This paradoxical behavior was modeled analyti-
cally and was called the Mandel-Cryer effect
[16-18]. Reverse water-level fluctuation has been
modeled successively by the finite-element method
for water well-aquifer interaction [19-21].

The physical explanation for this behavior rests
on the time lag between stress transfer and fluid
transport [12,18]. Stress transfer in a material is
immediate because the deformed medium must

satisfy stress compatibility. Fluid transport, how-
ever, is a diffusion-type process, and thus the fluid
dissipation is time-dependent. The loss of water
due to pumping involves a decrease of volume,
producing radial solid displacements towards the
well. The displacement field (loading solid skele-
ton) compensates for the loss of water. For deeper
layers, this displacement field causes compression,
and hence an increase of pore pressure [12]. This
loading information is transferred immediately
throughout the medium because of stress compat-
ibility, but the dissipation of the pore pressure as
a result of pumping requires time.

According to the fault valve model, immedi-
ately after an earthquake, fluids are channeled
to the fault and discharged upwards to the sur-
face. In this sense, the fault can be viewed as a
discharge well and the reverse water-level effect
may occur.

3. Model formulation and assumptions

Following Biot’s [22] formulation, the force
equilibrium equations can be written using solid
displacements and pore pressure as the primary
variables for isothermal conditions [23]:

GVt SV (Vu) = aVp—F 1)
where G is the shear modulus, u is the solid dis-
placement vector, v is the drained Poisson’s ratio,
o is Biot’s coefficient, p is the pore pressure, and
F is the body force. The fluid mass conservation
equation for saturated isothermal flow is [23]:

k (V) L dp
—Vcﬁ@+Mﬂﬂ—a ) s 2 ®)

where k is the permeability tensor of the medium,
u is the fluid viscosity, py is the fluid density, g is
the gravitational acceleration, and S is the spe-
cific storage at constant strain. The poroelasticity
equations are solved using the finite-element
method for a two-dimensional, plane strain, cross-
section [24], closely following the formulation of
Lewis and Schrefler [19].

A generic continental domain was discretized
with a mesh covering a region 75 km long and
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Fig. 1. Numerical mesh and boundary conditions. The lithological units include sediment layer (a), metamorphic unit (b), base-
ment (c) and two thrust faults (d). Mechanical and hydrological properties are listed in Table 1. The hydrologic boundary condi-
tions include p=0 top boundary (water table) and impermeable lower and horizontal boundaries. The mechanical boundary con-
ditions: bottom boundary free to move horizontally and fixed vertically, right and left boundaries free to move vertically and

fixed horizontally, and top boundary free to move in all directions.

14 km deep that included two very large thrust
planes which cross-cut sedimentary beds and crys-
talline basement (Fig. 1). The assumed hydraulic
and poroelastic properties are listed in Table 1.

The top boundary of the cross-section repre-
sents the land surface (p =0) and is open to the
atmosphere. The bottom and lateral sides are as-
sumed to be impermeable. Mechanically, the right
and left boundaries are free to move vertically,
but are fixed horizontally. The bottom boundary
is free to move horizontally, but is fixed vertically.
The top boundary is free to move vertically and
horizontally.

Hubbert and Rubey [32] defined the pore-fluid
factor as:

Av=p/o,=p/(p.gz) 3)

where o, is the vertical stress and p, is the rock

density. Ay for hydrostatic gradients is the ratio of
fluid to rock density (~0.4). There are abundant
borehole measurements and structural rock fab-
rics showing that fluid pressures exceed the least
principal stress (Ay = 1) in tectonically active areas
[33-36]. The transition from a hydrostatic gra-
dient (Ay =0.4) to a suprahydrostatic gradient
(Av =1) may occur across a layer with low perme-
ability [5]. To calculate the initial pore-pressure
profile, we assumed Ay = 0.42 for depths shallower
than 2.5 km and Ay =0.75 for depths greater than
3 km. The numerical model was then run for
2000 yr, allowing for some dissipation of pore
pressure. As a result, the pore pressure decreased
everywhere in the cross-section. This newly calcu-
lated pore pressure was then used as the ini-
tial pore-pressure distribution for the simulations
discussed below. The quasi-static pore-pressure

Table 1

Simulation parameters

Model properties Sandstone® Metamorphic® Basement® Faultsd

Drained bulk modulus [GPa] 8 40 25 7.9

Poisson’s ratio [-] 0.2 0.25 0.25 0.29

Solid bulk modulus [GPa] 36 50 45 40

Initial permeability [m?] k,=10716 kn=10"18 logky, = —14—3.2logz logk, = (—14—3.2logz)/100
ky=10"1% ky=1071 kp = kul2 ky = kn/50

Initial porosity [-] 0.19 0.02 0.01 0.01

a
b
c
d

to be less than the host rock [31].

Elastic properties are of Berea sandstone [23] and hydrologic parameters are of typical sandstone [25].

Elastic and hydrologic properties are of Tennessee marble [26].

Elastic properties are of Westerly granite [26] and hydrologic parameters are based on compilation in [27].

Elastic properties are of 70% quartz and 30% clay [28,29]. Clay parameters are from [30]. Hydrologic properties are assumed
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Fig. 2. (a) Hydraulic head change as a result of dislocation on the fault. The magnitude of the displacements along the fault is
set to be uniform (2.0 m) and parallel to the fault plane. The changing dip of the fault is responsible for diverging displacements
at the footwall (decreasing pore pressure) and converging displacements at the hanging wall (increasing pore pressure). There are
no hydraulic head changes in the first 30 km because the fault is horizontal. (b) Hydraulic head increase 300 days after the per-
meability changes. Only positive changes are shown, so that decrease of hydraulic head due to migration of fluids to the top
boundary is not shown in this figure. Significant rise of the hydraulic head occurred within the country rock on both sides of the

fault.

change caused by earthquake dislocation has been
successfully applied for fault-related processes
[37-39]. We assumed a constant 2 m displacement
along the rupturing fault. To simulate the effects
of fault resealing and healing following the earth-
quake, the permeability of the rupturing fault was
increased instantaneously by two orders of mag-
nitude and then decreased according to a power-
law equation [40]:

ke = koe™"! (4)
where kj is the fault permeability before the earth-

quake, the decay rate r=0.008 day !, and 7 is
time in days.

4. Results
Hydraulic head change as a result of disloca-

tion on the fault is shown in Fig. 2a. The magni-
tude of the displacements along the fault is set to

be uniform (2.0 m) and parallel to the fault plane.
Therefore, the direction of the displacements is
changing with the fault dip from 30° at the sur-
face to 0° at 12 km depth. The changing dip of the
fault is responsible for diverging displacements at
the footwall (decreasing pore pressure) and con-
verging displacements at the hanging wall (in-
creasing pore pressure). Maximum hydraulic
change is 0.6 m. There are no hydraulic head
changes in the first 30 km because the fault is
horizontal.

The hydraulic head increase, not including co-
seismic changes, is shown in Fig. 2b 300 days
after the permeability changes. Only positive
changes are shown, so that a decrease of hydraul-
ic head due to migration of fluids to the top
boundary is not shown in this figure. A significant
rise of the hydraulic head occurred in the country
rock on both sides of the fault. Prior to the sim-
ulated earthquake, the hydraulic head decreased
everywhere in the cross-section. Therefore, the in-
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Fig. 3. Hydraulic head increase 300 days after the permeability changes at shallow depths. Rock displacements (plain arrow
heads) and fluid velocities (hollow arrow heads) are also shown. The significantly high permeability within the fault zone channels
fluids into the fault and up to the surface. To compensate for this fluid volume loss, the surrounding rocks are displaced toward
the fault. This kind of displacement field causes loading. Elements further away from the fault are displaced but are not yet
drained, resulting in an increase in hydraulic head. Hydraulic head changes along A-A’ are shown in Fig. 4.

crease of the hydraulic head within the rocks
around the fault is associated with the permeabil-
ity changes of the fault, and can only be explained
by the reverse water-level effect (the co-seismic
effects are not included in this figure). An enlarge-
ment of Fig. 2b at a shallow depth is shown in
Fig. 3. Rock displacements (plain arrow heads)
and pore-fluid velocities (hollow arrow heads)
are also shown. The significantly high permeabil-
ity within the fault zone channels fluids into the
fault and up to the land surface. Fluids are diffus-
ing into the fault from the surrounding rock and
discharging upwards. The loss of fluids involves
loss of bulk volume. To compensate for this vol-
ume loss, the surrounding rocks are displaced to-
ward the fault. This kind of displacement field
causes loading. Elements further away from the
fault are displaced, but are not yet drained and
this results in an increase in hydraulic head.

To further investigate the reverse water-level
effect, one simulation was conducted on a simpli-
fied case where the permeability was increased by
two orders of magnitude at the right fault, which
then remained fixed at that value. The hydrau-
lic head changes, not including the co-seismic

changes, at 13 points, 500 m apart, at a depth
of 4.5 km, along line A-A’ (see Fig. 3 for loca-
tion) are shown in Fig. 4a. The reverse water-level
effect is propagating away from the fault. As the
fault drains, it also diffusively drains its neighbor-
ing elements. With time, elements further away
from the fault are being drained too. The reverse
water-level effect propagates at the same pace as
the drainage, but one phase ahead. The propaga-
tion is primarily horizontal and not perpendicular
to the fault because the horizontal permeability is
two orders of magnitude greater than the vertical
permeability (Table 1). However, because the
fault is not vertical, the drainage of a point at
the footwall can take place not only horizontally,
but also vertically. Therefore, the reverse water-
level effect is increasing as the front is propagating
as a result of better drainage until it reaches its
maximum, 2 km from the fault, after 3.5 yr. The
reverse water-level effect then dissipates and after
9 yr it can no longer be observed. The rate of
the maximum propagation of the reverse water-
level effect increases initially to 1.5 km/yr after
8 months and then decreases gradually to 0.68
km/yr after 6 yr (Fig. 5).
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Fig. 4. Hydraulic head changes at 13 points, 500 m apart from each other, at a depth of 4.5 km, along line A-A’ (see Fig. 3 for
location). (a) Permanent permeability change. The permeability is increased by two orders of magnitude and remains at the same
value. The reverse water-level effect is propagating away from the fault. With time, elements further away from the fault are
being drained too. The reverse water-level effect propagates at the same rate as the drainage, but one phase ahead. Because the
fault is not vertical, the drainage of a point at the footwall can take place not only horizontally but also vertically. Therefore,
the reverse water-level effect is increasing as the front is propagating as a result of better drainage, until it reaches its maximum
after 3.5 yr, 2 km from the fault. The reverse water-level effect then dissipates and after 9 yr it can no longer be observed. (b)
Fault valve permeability change. After an increase by two orders of magnitude, the fault is resealed according to Eq. 4. Both the
magnitude and the rate of propagation of the reverse water-level effect are decreased because of lower efficiency of the fault to

drain fluids.

The hydraulic head changes along line A-A’,
when the fault is resealed according to Eq. 4,
are shown in Fig. 4b. The non-linearity intro-
duced by Eq. 4 decreases both the magnitude
and the rate of propagation of the reverse water-
level effect.

5. Discussion and conclusions

Co-seismic changes in pore pressure are created
as a result of displacement gradient (strain) along
the rupturing fault. A displacement gradient is
formed by non-uniform displacement magnitude
or direction. Therefore, uniform dislocation on
a straight fault will not create pore-pressure
changes. Most quasi-static deformation models
account for non-uniform displacement magnitude,
where there is stress concentration at the fault tip,
but not for a non-uniform displacement direction
[38,39,41]. Masterlark et al. [37] accounted for a
fault with a non-uniform dip. In this work we
assume a theoretical earthquake with a uniform

displacement magnitude (2.0 m) and non-uniform
displacement direction. A different earthquake
with non-uniform displacement magnitude may
cause larger hydraulic head changes.

The reverse water-level effect has been observed
in many aquifer pumping tests, but has never
been considered as a factor in earthquake cycling.
After an earthquake, when a fault is ruptured and
its permeability increased significantly, the fault
can be viewed hydrologically as a pumping well,

1.6
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E 1.2 ]
S 1
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0.8
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Time [yr]

Fig. 5. The rate of the maximum reverse water-level effect
propagation calculated from Fig. 4a.
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draining water to the land surface. Although the
fault is then resealed by mineralization, the re-
verse water-level effect should take place.

The velocity of the reverse water-level effect
front is primarily a function of the permeability.
At depths of 4.5 km (A-A'"), the horizontal per-
meability of the rock is 107'®! m? and the reverse
water-level effect front is propagating at a rate of
0.7 km/yr after 5 yr. At greater depth, the perme-
ability is lower, which results in slower propaga-
tion of the front. The magnitude of the reverse
water-level effect is greater when the fault effi-
ciently drains fluids. Two factors controlling
draining fluids are: (1) the magnitude of the fault
permeability changes after rupture and (2) the
rate of resealing. High permeability increase and
low resealing rate imply high efficiency of the fault
to drain fluids, resulting in a high magnitude of
the reverse water-level effect.

The behavior of the system is a superposition of
the reverse water-level effect with the poroelastic
rebound of the co-seismic event. In this work we
have modeled the reverse water-level effect and
showed that it is in the same order of magnitude
as the co-seismic water-level changes. Numerical
models of earthquakes show a change of up to
10 m in the hydraulic head for big earthquakes
[38]. Reverse water-level response may be more
than 1 m in an extreme case where the fault is
not resealing.

In this work, there is a low-permeable meta-
morphic layer that separates the shallow sand-
stone aquifer and deep water in the basement dur-
ing the interseismic period. After the earthquake,
during the post-seismic period, the fault is rup-
tured and fluids from the basement are channeled
upwards through the fault. This scenario is con-
sistent with the fault valve model [5]. However,
the reverse water-level effect also occurs in a ho-
mogeneous crust.

Observed water-level changes associated with
earthquakes are usually from relatively shallow
wells, which are strongly influenced by seasonal
changes of rainfall [2]. These shallow wells pene-
trate highly permeable layers in which the reverse
water-level effect can propagate at rates of meters
per weeks to months. Because the time scale of
the seasonal changes and the reverse water-level

effect is about the same, it is difficult to distin-
guish between them. Water-level changes from
deeper wells, where seasonal changes are less sig-
nificant, ought to show the reverse water-level ef-
fect more clearly.
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