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Seismic waves increase permeability
Jean E. Elkhoury1, Emily E. Brodsky2 & Duncan C. Agnew3

Earthquakes have been observed to affect hydrological systems in
a variety of ways—water well levels can change dramatically,
streams can become fuller and spring discharges can increase at
the time of earthquakes1–7. Distant earthquakes may even increase
the permeability in faults8. Most of these hydrological observa-
tions can be explained by some form of permeability increase1,5.
Here we use the response of water well levels to solid Earth tides to
measure permeability over a 20-year period. At the time of each of
seven earthquakes in Southern California, we observe transient
changes of up to 248 in the phase of the water level response to the
dilatational volumetric strain of the semidiurnal tidal components
of wells at the Piñon Flat Observatory in Southern California.
After the earthquakes, the phase gradually returns to the back-
ground value at a rate of less than 0.18 per day. We use a model of
axisymmetric flow driven by an imposed head oscillation through
a single, laterally extensive, confined, homogeneous and isotropic
aquifer to relate the phase response to aquifer properties9. We
interpret the changes in phase response as due to changes in
permeability. At the time of the earthquakes, the permeability at
the site increases by a factor as high as three. The permeability
increase depends roughly linearly on the amplitude of seismic-
wave peak ground velocity in the range of 0.21–2.1 cm s21. Such
permeability increases are of interest to hydrologists and oil
reservoir engineers as they affect fluid flow and might determine
long-term evolution of hydrological and oil-bearing systems. They
may also be interesting to seismologists, as the resulting pore
pressure changes can affect earthquakes by changing normal
stresses on faults10.
We use the response of wells to solid Earth tidal strains as a probe

of the in situ permeability to provide a long-term, continuous record
of permeability evolution9,11,12. The pressure in confined aquifers
continually oscillates in response to the solid Earth tide. The volu-
metric strain of the Earth tide increases the pore pressure in the
confined aquifer. Therefore, a pressure gradient is generated and the
water flows in and out of the well, producing oscillations in water
level. If the permeability of the aquifer is high, then the oscillations in
the well are nearly in phase with the imposed tidal strain. If the
permeability is low, then the water level oscillations lag significantly
behind the solid Earth tidal strain as it takes some time for water to
flow into the well. In between the extremes, there is a finite phase lag
of the tidal oscillations in the well relative to the imposed tidal strain.
The phase lags provide a means of measuring permeability.
In this study we consider water level data (Fig. 1) from two water

wells in fractured granodiorite at Piñon Flat Observatory (PFO) in
southern California (33.6108 N, 116.4578 W)13. The wells (CIB and
CIC) are 300m apart, and were drilled in 1981 to depths of 211m and
137m, respectively. Both are cased to 61m and neither is pumped.
Figure 1 shows the long-term water-level changes in these wells,
driven in part by local precipitation; the inset shows the oscillations
from the Earth tides. The dashed lines in Fig. 1 show the times of
earthquakes (Fig. 2) that produced large shaking (see legend of Fig. 1).

We measure the phase shift of the water level relative to the
dilatational strain for the semidiurnal tides (See Methods and
Supplementary Information). Negative phases imply greater delay,
so we refer to less negative phase shifts as smaller phase lags. As
discussed above, the smallest lags (closest to zero) imply the highest
permeabilities in the system.
Transient changes in the phase response are plainly seen in Fig. 3 at

the times of all the earthquakes (dotted lines). Each transient change
is characterized by a step in the phase response at the time of the
earthquake followed by a gradual recovery of the phase to its pre-
earthquake value. The phases recover linearly with time, though with
different rates for the two wells: 0.088 per day for CIB and 0.048 per
day for CIC.
We also evaluated the amplitude of the tidal response, which shows

much smaller variations, especially in well CIC (see Supplementary

LETTERS

Figure 1 |Water level fromwells CIB and CIC. Vertical dashed lines show the
times of all earthquakes in the SCEC earthquake catalogue for Southern
California (defined as 328 N–358 N; 1198 W–1148 W) with ML $ 3 that
produced a synthetic Wood–Anderson amplitude of 1m (,0.3mm true
ground motion at 1Hz). This arbitrary threshold was chosen to provide a
way to select earthquakes with large shaking systematically, because
continuous on-scale seismic recording was not available at PFO for the
entire study period. The set of seven earthquakes, which excludes
aftershocks occurring within a month of the largest event, is robust to small
differences in theML–distance relationship and the selection of earthquakes
does not change even if theWood–Anderson amplitude threshold is lowered
to 0.5m. Amplitudes are calculated from the magnitude–distance
relationship of ref. 21. Long-term water-level changes are driven by local
weather and seasonal rainfall. The oscillations in the inset are generated by
Earth tides.
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Information). The amplitude changes are relatively easily mapped
into small storage changes and, unlike the phase, they are nearly
insensitive to the permeability changes.
The observed changes at the times of the earthquakes imply that

some earthquake-induced stress affected these well–aquifer systems.
The change in static stress field and the dynamic stress from the
seismic waves are both candidates. The static stress change for areal
strain has the same sign as the first motion on seismograms, and for
these earthquakes the first motions at PFO include both extension
and compression. This is supported by calculations of static fields at
PFO, which also show compression for Northridge and Anza 2001,
but extension for all other earthquakes (Supplementary Table S1).
But all earthquakes produced a decrease in the phase lag. Regardless
of the detailed hydrological model, a phase lag decrease corresponds
to an increase in permeability, which is unlikely to be produced by
local compression and is extremely unlikely to be caused by both
extension and compression. The dynamic, rather than static, strains
are the probable cause, and we use the vertical peak ground velocity
(PGV) as a proxy for the dynamic strain field14 (Fig. 2). We measure
the PGV directly from seismic records at PFO. The phase change is
the difference between twomeasurementsmade before and after each
earthquake over 200-h windows (see Supplementary Figs S3 and S4).
We quantitatively interpret aquifer phase lags as permeability (see

the Methods section), following the methods of refs 9 and 3. Figure 4
plots the inferred changes in permeability at the time of the earth-
quakes against the PGV. For PGV values above 0.2 cm s21, the data
show a linear relationship between the permeability change and the
ground shaking:

Dk¼ R
v

c
ð1Þ

where Dk is the change in permeability at the time of the earthquake,
v is PGV in the vertical and c is the phase velocity of the seismic

waves. The ratio v/c is approximately the imposed strain on the
system14, so R measures the permeability response to strain. The
parameter R is a property of the well–aquifer system and is different
for each well. Assuming c to be 3 km s21, RCIB < 3.0 £ 10210m2

and RCIC < 8.4 £ 10210m2.
We derived this relationship before the 2005 Anza earthquake,

which generated the largest shaking at PFO yet recorded. This
example provided a good opportunity to test equation (1). As can
be seen in Fig. 4, the resulting permeability changes followed the
linear trend previously defined by the other data points.
A commonly reported hydrological response to earthquakes is a

drop in water level3,4,5,11,15,16. These Piñon Flat wells show water level
drops for four of our study earthquakes. A key, unresolved problem is
the relationship between these drops and the permeability enhance-
ment recorded by the tidal phase change.We note that the tidal phase
and the water level are sensitive to different regions of the well–
aquifer system. The tidal phase averages the properties over an
effective volume extending a distance of the order of

ffiffiffiffiffi
kt

p
from the

well, where k is the hydrologic diffusivity (equal to the ratio of
transmissivity and storage) and t is the tidal period. For the hydraulic
diffusivities that we infer from the PFO wells and the semidiurnal
tidal period, this distance is of the order of 200m. The two wells are
300m apart, which is consistent with differing responses. On the
other hand, persistent water level drops can record localized changes.
Because of this difference, we are not surprised that the tidal response
changes reveal a much more systematic relationship to PGV than is
observed for water level changes in these wells.
To the best of our knowledge, the tidal responses measured here

provide the first published long-termmonitoring of permeability in a
natural system. It is the first direct measurement of well-defined
permeability increases in a natural setting before and after multiple
earthquakes at the same site. It is also the first definitive relationship
between measured permeability increases and other measured stresses
in the field. The measurements led to a new and, to us, surprising
conclusion. Permeability in a fractured rock system was increased
significantly by the small stresses in seismic waves from regional
earthquakes. The peak dynamic stress j can be estimated from the
PGV using the relationship j ¼ mv/c where v is PGV, c is the phase
velocity (as above) and m is the shear modulus (,3 £ 1010 Pa), giving
values in the range of 0.02 to 0.21MPa for PGV in the range 0.2 to
2.1 cm s21 (Fig. 2). (Previous studies17 in intact laboratory samples
had suggested that stresses of the order of 100MPa were necessary to
cause the large changes in the permeability that we observe.) The
increases are systematic and even predictable. There is a roughly

Figure 3 | Phase of the semidiurnal tide for the water level in the wells CIB
and CIC, relative to the areal strain. Transient changes in the phase
response are clearly shown at the time of the earthquakes (indicated as in
Fig. 1) selected by the criterion in Fig. 1. Because our selection criterion is
based on computed ground shaking at PFO, it missed at least two
earthquakes: ‘a’ shows the 1991 Sierra Madre earthquake
(PGV ¼ 0.16 cm s21); and ‘b’ shows the 1995 Joshua Tree earthquake
(PGV ¼ 0.42 cm s21). These two additional earthquakes do not
substantially affect the linear relationship between the permeability changes
and the ground shaking defined by the set of seven earthquakes; see Fig. 4.

Figure 2 | Map of Southern California, showing epicentres of earthquakes
considered in this study, as selected by the criterion in Fig. 1. The focal
mechanisms of most earthquakes were obtained from the Hardebeck and
Shearer catalogue22. The focal mechanisms of the Landers 92/6/28, Hector
Mine 99/10/16 and Anza 05/6/12 earthquakes were obtained from the
Harvard CMT catalogue because the Hardebeck and Shearer catalogue22

does not include large events (Landers Mw ¼ 7.3 and Hector Mine
Mw ¼ 7.1) or the latest earthquakes such as the Anza 2005 quake. The
relative size of the beach ball symbols corresponds to the relativemagnitudes
of the earthquakes; 4.8 for the smallest and 7.3 for the largest. (For more
information please see Supplementary Table S1.) Piñon Flat Observatory
(PFO) is shown by a triangle. The light-shaded focal mechanisms show the
two additional earthquakes described in the legend of Fig. 3.
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linear relationship between the PGV and the permeability change at
each well for the range of measured PGVs.
This result has potentially far-reaching consequences. First, we

have demonstrated the utility of a simple, non-invasive method for
monitoring permeability in confined aquifers or reservoirs. Second,
the data indicate that relatively small dynamic stresses can double or
triple permeability and therefore suggests a possible method for
active permeability enhancement in economically useful geothermal,
natural gas and oil reservoirs18. Third, the large variations of
permeability over time indicate that natural permeability is not a
fixed quantity, but rather an ever-evolving, dynamically controlled
parameter. Fourth, and most speculatively, the fractures and flow
resulting from such permeability-enhancement processes in faults
might be a stage in the dynamic triggering of earthquakes5,10.

METHODS
Tidal response. The phase and amplitude tidal responses were estimated using
two separate methods which yielded nearly identical results. The measurements
in Fig. 3 were derived using a least-squares fit of the observed water level data to
the predicted tides based on a high-precision ephemeris (see Supplementary
Information). As a check, we performed a second analysis in the frequency
domain by dividing the Fourier transform of the observed tide and a synthetic
tide, and taking the result at the frequency of the largest semidiurnal tide (M2).
The permeability changes are robust and the results are indistinguishable from
the time-domain calculation.
Flow model. In estimating aquifer properties, we follow ref. 9 in modelling the
tidal response as a result of flow in a single, laterally extensive, confined,
homogeneous and isotropic aquifer. In an isotropic system, the far-field tidal
head oscillation is proportional to the volumetric strain. In reality, it is unlikely
that the aquifer is either homogeneous or isotropic. Themost important omitted
effect is the coupling of shear stresses to pore pressure by anisotropic fractures19.
This complication would introduce a phase shift to all of our measurements and
therefore bias our permeability estimates; however, the imposed phase shift
should not change over time. The relative measurements we make using the
Hsieh model9 should be robust to these complications.

We corrected for the water table effect on the phase shift3 by adding 158 to the
observed lags. The semi-confined aquifer leaks, so this correction is necessary
to account for the small amount of pore pressure diffusion to the free surface.
The diffusion time of the leakage is known from the recovery time of water level

drops after earthquakes. Once the diffusion time is known, we can calculate the
leakage following ref. 3.

The well response depends on the flow of water through the porous medium
and therefore is sensitive to the aquifer transmissivity and storage. Transmissivity is
the rate of water transmission through a unit width of aquifer under a unit
hydraulic gradient and is directly proportional to permeability. Storage is the
strain change per unit imposed head and is a measure of compressibility.

Additional factors in the response in the most general case also include the
well geometry, the period of the oscillation and inertial effects. The inertial
effects are negligible for the long periods of the Earth tides20. The other two
factors are independently well constrained.

The amplitude A and phase h responses for the long periods of tidal
oscillations are9:

A¼ ðE2 þ F2Þ2
1
2 ð2Þ

h¼2tan21ðF=EÞ ð3Þ

where

E< 12
qr2c
2T

Kei ðaÞ; F<
qr2c
2T

Ker ðaÞ; a¼
qS

T

� �1
2
rw ð4Þ

and T is the transmissivity, S the dimensionless storage coefficient, Ker and Kei
the zeroth-order Kelvin functions, rw is the radius of the well (8.8 cm for CIB,
9.1 cm for CIC), r c is the inner radius of the casing (7.9 cm for both wells) and q
is the frequency of the tide.

We use the measured phase and the amplitude responses h and A with
equations (2) and (3) to solve for storage and transmissivity. The storage shows
only small (,40%) changes as a function of time. This result is a direct
consequence of the lack of large variations in the amplitude response.

The relationship between transmissivity and permeability is:

k¼
m

rgd
T ð5Þ

where k is the permeability, m is the dynamic viscosity, r is the density, g is the
gravitational acceleration and d is aquifer thickness. Because none of the other
parameters are likely to change during an earthquake, changes in transmissivity
are interpretable as changes in permeability. The values used are m ¼ 1023Pa s,
r ¼ 103kgm23, g ¼ 9.8m s22 and d ¼ 150m.
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