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Abstract

Permeability controls fluid flow in the crust and is important for applications ranging from

groundwater management to oil exploration, yet it has never been measured continuously for a

prolonged time period. We use the response of water well levels to dilatational strain from solid

Earth tides to measure permeability over a 20 year period for two wells in southern California.

We observe transients of up to 24◦ in the phase of the semidiurnal tide at the times of seven large

regional earthquakes. After each earthquake, the phase returns to a background value at a rate of

less than 0.1◦ per day. We relate the tidal phase response to the permeability of the aquifer, using

a model of cylindrical flow driven by an imposed head oscillation through a single, laterally exten-

sive, confined, homogeneous and isotropic aquifer. We show that at the time of the earthquakes,

the permeability around these wells increases by up to a factor of three. For strong shaking (peak

ground velocities above 0.2 cm/s) the permeability increase depends roughly linearly on the peak

ground velocity, which is proportional to the peak strain.
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Earthquakes affect hydrological systems in a variety of ways. Water well levels can change dramat-

ically, and streamflows and spring discharges can increase1, 2, 3, 4, 5, 6. Seismic waves have also been

observed to increase the production of oil wells7. Distant earthquakes may even increase the permeabil-

ity in faults, perhaps leading to other earthquakes8, 9, 10. It has also been suggested that earthquakes are

instrumental in dynamically controlling the permeability of fractured systems11.

Most of these hydrological observations can be explained by some form of permeability increase dur-

ing earthquakes1, 9. Permeability changes interest hydrologists because they affect water flow and play

a role in the long-term evolution of hydrological systems. The permeability changes interest seismolo-

gists because the resulting pore pressure responses may affect earthquakes by lowering normal stresses

on faults12. However, there have been no long-term direct measurements of permeability changes after

multiple earthquakes at a single site. Lacking such data, no relationship between measured permeability

increases and measured natural stresses has ever been established.

To address this observational need, we use the response of wells to solid Earth tidal strains to measure

the in situ permeability13, 14. The fluid pressure in an undrained, confined aquifer oscillates with the

dilatational strains of the solid-Earth tide15. If the aquifer is penetrated by an open well, the pressure

gradient between the aquifer and the well induces flow, and hence water-level changes in the well. These

changes will lag the imposed tidal strains by an amount that depends on the permeability of the aquifer,

which governs the flow rate for a given pressure gradient. The higher the permeability of the system, the

smaller the resulting lag will be.

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 (33.610◦N, 116.457◦W)16. The wells (CIB and

CIC) are 300 m apart, and were drilled in 1981 to depths of 211 m and 137 m, respectively. Both are

cased to 61 m 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 Figure 1 show the times of earthquakes (Fig. 2) that produced peak ground velocities above 0.2

cm/s.

We measure the phase shift of the water level relative to the dilatational strain for the semidiurnal
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tides (See Methods and Supplementary Material for measurement details). 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 Figure 3 at the time of all the earthquakes.

Each transient 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: 0.08◦ per day for CIB and 0.04◦ per day for CIC.

We also evaluated the amplitude of the tidal response, which shows much smaller variations, espe-

cially in well CIC (for details see supplementary material). 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 time of 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.

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. The dynamic rather than static strains are the likely cause, and we use the vertical

peak ground velocity (PGV) as a proxy for the dynamic strain field17 (Fig. 2). We measure the PGV

directly from seismic records at PFO. The phase change is the difference between two measurements

made before and after each earthquake over 400-hour windows (see Figures S3 and S4 of the online

supplementary material for more detail).

Following the work of Hsieh et al.14 and Roeloffs3, we proceed to quantitatively interpret aquifer

phase lags as permeability (see the Methods section for more detail).

Figure 4 plots the inferred changes in permeability at the time of the earthquakes against the PGV.

For PGV values above 0.2 cm/s, the data show a linear relationship between the permeability change and
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the ground shaking:

∆k = R
v

c
(1)

where ∆k 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

system17, 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/s, RCIB ≈ 3.0 × 10−10m2 and

RCIC ≈ 8.4 × 10−10m2.

We derived this relationship prior to the 2005 Anza earthquake, which generated the largest shaking

at PFO yet recorded. This example provided a good opportunity to test Eq. (1). As can be seen in

Figure 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, 9, 18, 13, 19.

These Piñon Flat wells show water level drops for 4 of our study earthquakes. A key, unresolved problem

is the relationship between these drops and the permeability enhancement recorded by the tidal phase

change. We note that the tidal phase and the water level are sensitive to different regions of the aquifer-

well system. The tidal phase averages the properties over an effective volume extending a distance on

the order of
√

κ τ from the well, where κ is the hydrologic diffusivity (equal to the ratio of transmissivity

and storage) and τ is the tidal period. For the hydraulic diffusivities that we infer from the PFO wells

and the semidiurnal tidal period, this distance is on the order of 200 m. The two wells are 300 m 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-term

monitoring of permeability in a natural system. The measurements revealed a new and, to us, surprising

fact. Permeability in a fractured natural rock system was increased significantly by the small stresses

produced by seismic waves from regional earthquakes. The peak dynamic stress σ can be estimated

from the PGV using the relationship σ = µv/c where v is PGV, c is the phase velocity (as above) and µ
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is the shear modulus (∼3×1010Pa) giving values in the range of 0.02 MPa to 0.21 MPa for PGV in the

range 0.2 cm/s to 2.1 cm/s (Fig. 2). Previous studies20 had suggested that stresses on the order of 100

MPa were necessary to cause the large changes in the permeability that we observe.

This result has potentially far-reaching consequences. First, we have demonstrated 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

reservoirs7. 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 earthquakes12, 9.

Method

Tidal Response. The phase and amplitude tidal responses were estimated using two separate methods

which yielded nearly identical results. The measurements in Figure 3 were derived by fitting the water

level data in the time domain to a predicted tide based on strainmeter measurements (see online supple-

mentary material.) As a check, we performed a second analysis in the frequency domain by dividing

the Fourier transform of the observed and a synthetic tide, and taking the result at the M2 tidal fre-

quency. The permeability changes are robust and the results are indistinguishable from the time-domain

calculation.

Flow Model. In estimating aquifer properties, we follow Hsieh et al.14 in modeling the tidal response

as a result of flow in a single, laterally extensive, confined, homogeneous and isotropic aquifer. In an

isotropic system, the farfield tidal head oscillation is proportional to the dilatational strain. In reality, it

is unlikely that the aquifer is either homogeneous or isotropic. The most important omitted effect is the

coupling of shear stresses to pore pressure by anisotropic fractures21. This complication would introduce

a phase shift to all of our measurements and therefore bias our permeability estimates, however, the
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imposed phase shift should not change over time. The relative measurements we make using the Hsieh

model14 should be robust to these complications.

We corrected for the water table effect on the phase shift3 by adding 15o to the observed lags to

account for the diffusion time from out of the slightly leaky aquifer. The value of this shift was based on

the observed recovery time of water level drops following earthquakes.

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

tides22. The other two factors are independently well-constrained.

The amplitude A and phase η responses for the long periods of tidal oscillations are 14:

A =
(

E2 + F 2
)

−
1

2 , (2)

η = −tan−1 (F/E) , (3)

where

E ≈ 1 −
ωr2

c

2T
Kei (α) ,

F ≈
ωr2

c

2T
Ker (α) ,

α =

(

ωS

T

)
1

2

rw. (4)

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), rc is the radius of the casing

(7.9 cm for both wells) and ω is the frequency of the tide.

We use the measured phase and the amplitude responses η 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.
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The relationship between transmissivity and permeability is

k =
µ

ρ g d
T, (5)

where k is the permeability, µ is the dynamic viscosity, ρ is the density, g is the gravitational acceleration

and d is aquifer thickness. Since none of the other parameters are likely to change during an earthquake,

then changes in transmissivity are interpretable as changes in permeability. The values used are µ =

10−3 Pa s, ρ = 103 kg/m3, g = 9.8 m/s2 and d = 150 m.
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Figure 1: Water level from wells CIB and CIC. Vertical dashed lines show the times of all earthquakes in the SCEC

earthquake catalog for Southern California (defined as 32◦N - 35◦N; 119◦W - 114◦W) with ML ≥3 that produced

a synthetic Wood-Anderson amplitude of 1 m (≈ 0.3 mm true ground motion at 1 Hz). This arbitrary threshold was

picked to provide a way to systematically select earthquakes with large shaking since continuous on-scale seismic

recording was not available at PFO for the entire study period. The set of 7 earthquakes, which excludes aftershocks

occurring within a month of the largest event, is robust to small differences in ML-distance relationship and the selec-

tion of earthquakes does not change even if the Wood-Anderson amplitude threshold is lowered to 0.5 m. Amplitudes

are calculated from the magnitude-distance relationship of Kanamori et al.23. Long-term water-level changes are

driven by local precipitations. The oscillations in the inset are generated by Earth tides.
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Figure 2: Southern California, showing epicenters of earthquakes considered in this study as selected by the criterion

in Figure 1. Earthquakes locations are shown by stars and Piñon Flat Observatory (PFO) by a triangle. The light-

shaded stars show the two additional earthquakes described in the caption of Figure 3.
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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 (same as in Figure 1) selected

by the criterion in Figure 1. Since our selection criterion is based on computed ground shaking at PFO, it missed at

least two earthquakes, the 1991 Sierra Madre earthquake (a) (PGV=0.16 cm/s) and the 1995 Joshua Tree earthquake

(b) (PGV=0.42 cm/s). These two additional earthquakes do not substantially affect the linear relationship between the

permeability changes and the ground shaking defined by the set of the 7 earthquakes; see Figure 4.
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Figure 4: Change in permeability for the well-aquifer systems CIB (circles) and CIC (squares) at the time of all the

earthquakes, plotted against peak ground velocity measured at PFO. There is a linear relationship between the increase

in permeability and the ground shaking in the range from 0.2 to 2.1 cm/s. We make a linear fit that goes through the

origin to be consistent with the condition of no change in permeability in the absence of shaking. The slopes of the

fit as described by Eq. 1 are Rcib = 3.4 × 10−10 m2 and Rcic = 8.4 × 10−10 m2. The goodness of fit (squared of

the correlation coefficient) is 0.7 for both wells after neglecting the outlier at CIB which corresponds to the change in

permeability at the time of Northridge. The average background permeability values are around 1.0 × 10−15 m2 for

CIB and 6.0× 10−15 m2 for CIC, giving a maximum increase by a factor of 3 for CIB and by a factor of 2 for CIC for

the largest shaking.
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Supplementary Material

1 Water-level Analysis

Piñon Flat Geophysical Observatory has one of the best measured tides in the world. In order to take advan-

tage of these measurements, changes in the tidal response were obtained by first establishing an empirical

reference fit to the tidal response and then linearly fitting variations in amplitude and phase from this empir-

ical reference. As an additional check, an independent analysis was done using purely synthetic tides as a

reference and measuring phase changes from those in the frequency domain. This synthetic method would

be applicable to sites lacking such extraordinary deformation data. Nearly identical results were obtained

by both methods thus verifying the empirical reference fit and that details of the methodology introduced

no artifacts into the process. The results presented in the paper are based on the empirical reference method

which is therefore fully detailed below.

Pre-processing. All gaps in the data were identified through an interactive editing system; offsets were

corrected using occasional tape readings of the water level relative to the top of the casing. Nearly all gaps

in the data were filled by a sum of linear interpolation and tidal signal. The tidal parameters were estimated

from good data immediately adjacent to each gap1. Several long gaps and few smaller ones following

Landers earthquakes, where water level was disturbed by nearby drilling, were not filled with interpolated

points.

The final cleaned series was low passed to hourly sampling. A cross-spectral analysis between the
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water level and local barometric pressure between 1987:141 and 1992:111 showed high coherence over the

entire frequency band covered. In order to remove the barometric effect from the water-height data, the

transfer function estimated from the cross-spectrum was smoothed, and points within the tidal frequency

bands discarded. This response was spline-interpolated to produce a corrected series. Then, the interpolated

version was multiplied by the Fourier transform of the air-pressure data and the result inverse transformed.

The final step to produce a series suitable for tidal analysis was to high pass the series to remove energy

below 0.5 cycles/day.

Reference Series. To provide a reference tidal series, a harmonic analysis (using 16 constituents) was

performed for the water-height series (high passed and corrected for air pressure), and the local tidal potential

computed from a high-precision ephemeris. From these results, harmonic coefficients were derived for the

6 largest diurnal and 6 largest semidiurnal tides. The results, when compared with the known tides for

areal strain at PFO1 (measured with the longbase strainmeters), showed a nearly constant transfer function

(admittance) in each of the diurnal and semidiurnal bands, though differences between these bands were

evident.

Time Variations. For analyzing possible time-variations in the tidal response of the water level, we

used a very similar technique to that developed for the analysis of short pelagic tidal records2.

We assume that at any given time ti the tidal response can be represented by

Zd (f, ti) = Cd (ti) Z
ref
d (f) Zsd (f, ti) = Csd (ti) Z

ref
sd (f) (1)

where Zd (f, ti) and Zsd (f, ti) are the diurnal and semi-diurnal contributions, Zref is the reference tide

found from the harmonic analysis. The complex constants Cd(tj) and Csd(tj) indicate that, at any time, the

admittance is a scaling of the reference with a phase shift across each tidal band. If the entire series had the

same tidal response, then Cd(tj) = Csd(tj) = 1.

In order to estimate the C’s, we construct four series from the reference harmonic constants correspond-

2



ing to the predicted tide and its Hilbert transform:

xd(t) =

N
∑

n=1

An cos(ωn t− φn) xh
d(t) =

N
∑

n=1

An sin(ωn t− φn) (2)

xsd(t) =
M
∑

m=1

Bm cos(ωm t− φm) xh
sd(t) =

M
∑

m=1

Bm sin(ωm t− φm) (3)

where the subscripts d and sd refer to diurnal and semi-diurnal components. In practice each of these series

is constructed from a large number of harmonics (50 in the diurnal and 51 in the semidiurnal band), scaled

according to a spline interpolation of the admittance3 given by comparing the estimated harmonic constants

with the amplitudes of the Cartwright-Tayler expansion of the tidal potential. Given the four x(t) series, the

constants C’s are found by a least-squares fit of them to the data w(t).

w(t) =LS Cr
d xd(t) + Ci

d xh
d(t) + Cr

sd xsd(t) + Ci
sd xh

sd(t) + Co (4)

where Co is a constant that allows for small remaining shifts in the average level of w(t). The Cr’s and Ci’s

give the complex admittances for the two tidal bands:

Cd = Cr
d + i Ci

d Csd = Cr
sd + i Ci

sd (5)

from which we can find the phase and amplitude of the admittance. The fits are, naturally, dominated by the

behavior of the largest tidal harmonics, but have the advantage over a purely harmonic method of making use

of information over the entire frequency band, as is appropriate when extracting information from relatively

short spans of data. In practice the diurnal admittances showed much larger scatter, probably because of

contamination by pressure and thermal effects, but showed a general behavior consistent with that of the

semidiurnal tides. Around the times of earthquakes the fit was performed over non-overlapping segments of

200 hours; for the overall analysis we used non-overlapping intervals of 240 hours.
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2 Additional Figures and Tables

In this section we include a supplementary table and additional figures. Table S1 is complementary to Figure

2 of the main text. It contains name, date, magnitude, peak ground velocities (PGV) at PFO and type of

seismic instrumentation at PFO for all 9 earthquakes. The figures include the change in phase for both wells

as a function of PGV (Fig. S1), the semi-diurnal amplitude tidal response (Fig. S2), the transmissivities

around the time of the earthquakes for well CIB (Fig. S3) and well CIC (Fig. S4) and a repeat of Figure

4 of the main text with a slight change in the fit that had produced a slightly better result (Fig. S5) shortly

discussed in the caption.

References

1. Agnew, D. C. Strain tides at Pinon Flat: analysis and interpretation. PhD thesis, University of California,

San Diego, (1979).

2. Cartwright, D. E., Munk, W. H., and Zetler, B. Pelagic tidal measurements: s suggested procedure for

analysis. EOS 50, 472 (1969).

3. LePrevost, C., Lyard, F., and Molines, J. Improving ocean tide predictions by using additional semidi-

urnal constituents from spline interpolation in the frequency domain. Geophys. Res. Lett. 18, 845–848

(1991).

4. Hsieh, P., Bredehoeft, J., and Farr, J. Determination of aquifer transmissivity from earthtide analysis.

Water Resour. Res. 23, 1824 (1987).

4



Earthquakes Date Magnitude Mw PGV (cm/s) at PFO Instrument

Superstition Hills 1987/10/24 6.6 0.20 SP

Sierra Madre (a) 1991/06/28 5.8 0.16 SP

1992 Joshua Tree 1992/04/23 6.1 1.01 SM

Landers 1992/06/28 7.3 1.90 SM

Northridge 1994/01/17 6.7 0.29 SM

Hector Mine 1999/10/16 7.1 1.46 SM

1995 Joshua Tree (b) 1995/05/07 4.8 0.42 BB

2001 Anza 2001/10/31 5.1 1.16 SM

2005 Anza 2005/06/12 5.2 2.10 SM

Table S1: Earthquakes considered in this study as selected by the criterion described in Figure 1 of the

main text plus two additional earthquakes (the 1991 Sierra Madre earthquake and the 1995 Joshua Tree

earthquakes) that are referred to as (a) and (b) in figure 3 of the main text. These earthquakes are plotted as

light stars in Figure 2 of the main text since they were not a result of the selection criterion. Seismograms

were recorded at Anza, IDA-IRIS, and Terrascope instruments at PFO. Instruments type are: SP: short

period, SM: strong motion and BB: broad band. Seismograms were bandpassed between 0.1 and 9 Hz and

corrected for instrument response using the SAC system.
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Figure S1: Change in the semi-diurnal phase response of the water level in the water wells CIB (circles) and

CIC (squares) as a function of the peak ground velocity (PGV). The change in phase has been interpreted as

a change in permeability using the Hsieh et al. model4. The result of such interpretation is shown in Figure

4 of the main text.
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Figure S2: Semi-diurnal amplitude response of the water level in the water wells CIB (circles) and CIC

(squares) showing little systematic changes at the time of the earthquakes as discussed in the main text.

Transient changes in the amplitude response at the time of the earthquakes (same dashed lines as in Figure

3 of the text) are not as clear as the one shown in the phase response (Fig. 3 of the main text); especially for

CIC.
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Figure S3: Close up of transmissivity (proportional to permeability) for the well-aquifer system CIB around

the times of all the earthquakes. Horizontal axis is time, vertical axis is transmissivity in m2/s. Points corre-

spond to 200 hour time windows. Lack of data points corresponds to gaps in the water level measurements.
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Figure S4: Close up of transmissivity (proportional to permeability) for the well-aquifer system CIB around

the times of all the earthquakes. Horizontal axis is time, vertical axis is transmissivity in m2/s. Points corre-

spond to 200 hour time windows. Lack of data points corresponds to gaps in the water level measurements.

9



Figure S5: Same plot as Figure 4 of the main text but with a slightly different fit. In this case, the linear fit is

restricted to the measured PGVs (0.2 to 2.1 cm/s). This restriction produces a better fit quantified by the squared of the

correlation coefficient of 0.95 and 0.84 for CIB and CIC respectivaley (neglecting the outlier at CIB which corresponds

to the change in permeability at the time of Northridge). In order to reconcile this fit with no changes in permeability

at the time of no shaking, a more adequate fit could be a lower exponent dependence of the permeability change on

the peak ground velocity. The equivalent of Eq. 1 of the main text would be ∆k = R̂
(v

c

)q

, where 0 < q ≤ 1. This

behaviour can also been seen in the phase change in Figure S1.
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