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Abstract.

Subsequent to the initial impoundment of the Bad Creek Reservoir i n

northwest South Carolina in January 1991, lake level fluctuations (up to 33 m d ') caused
delayed (98 hours) correlative water level changes in an observation well (OW3) 250 m
away. The bottom of the well is connected to the bottom of the reservoir by a shallowly
dipping, 1 m wide shear zone. The amplitude of water level changes in OW3 was 0.19 of
that in the reservoir. The amplitude ratio, R, of the water level changes in OW3 to those
in the reservoir is a measure of the pore pressure transmitted through the shear zone.
Assuming one-dimensional diffusion of pore pressure in the shear zone between the
reservoir and OW3, these values of time lag and amplitude ratio of the water level
ﬂuctuatlons changes yield estimates of 0.05 m? s~! for hydraulic diffusivity and 1.1 X

10~ m? for permeability of the shear zone. In subsequent years the time lag decreased to
72 hours and R increased to 0.23, suggesting a nearly 60% increase in the two hydraulic
parameters. We interpret the increase to be owing to flushing of fines in the shear zone
due to the pumping action of lake level fluctuations or due to dissolution. After 1994,
there were no further changes in these parameters suggesting steady state conditions. Our
analysis demonstrated that the fluid pressure flow is restricted to the shear zone and the
pore pressure transmitted through the shear zone showed a lognormal relationship with
the frequency of lake level fluctuations, R = 0.5 exp (—14.93/T), where T (days) is the
period of lake level changes. Spectral analyses of the data were used to obtain a frequency
independent hydraulic diffusivity (~0.076 m* s~ ') of the shear zone after it had reached
steady state conditions. Using the undrained response of the reservoir, an in situ estlmate
value 0.66 was obtained for the Skempton’s coefficient. The hydraulic diffusivity ~0.1 m?
s~ ! was found to be lower than that encountered at other locations of induced seismicity

in the region.

1. Introduction

Both theoretical models and observations attest to the im-
portance of pore pressure diffusion in triggering tectonic and
induced seismicity [see, e.g., Healy et al., 1968; Nur and Booker,
1972; Howells, 1974; Talwani, 1976; Hill, 1977; Bell and Nur,
1978; Hsieh and Bredehoeft, 1981; Talwani and Acree, 1984;
Roeloffs, 1988; Rice, 1992; Rajendran and Talwani, 1992; Hen-
derson and Maillot, 1997; Talwani, 1997]. However, in all cases,
the value of the critical hydraulic parameter, hydraulic diffu-
sivity, was assumed or inferred, for example, from the spread-
ing of seismicity [e.g., Talwani and Acree, 1984; Shapiro et al.,
1997] or the lag between the onset of seismicity and impound-
ment of reservoirs [Talwani and Acree, 1984]. This study is
perhaps the first, direct in situ measurement of hydraulic dif-
fusivity in a shear zone. The hydraulic diffusivity and therefrom
the in situ permeability of a 1 m wide shear zone, were ob-
tained by comparing the lake levels in the Bad Creek Reservoir
with those in an observation well connected to the reservoir by
the shear zone. Here we present the results of monitoring of
the water levels, the estimation of in situ hydraulic diffusivity
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and permeability of the shear zone, and the temporal behavior
of these parameters. On a spatial scale of approximately hun-
dreds of meters and a temporal scale of several days, the
hydraulic parameters of the shear zone were found to be ho-
mogeneous. These data also show a frequency dependence of
pore pressures transmitted through a saturated shear zone.
The high-frequency observations were used to obtain an in situ
estimate of the Skempton’s coefficient.

1.1. Bad Creek Project

The Bad Creek Project, located in the Blue Ridge geologic
province in northwestern South Carolina, is a 1000 mw hydro-
electric pumped storage facility consisting of four reversible
pump turbines in a powerhouse 200 m underground. The
above ground structures consist of two large dams and a sad-
dledike, which forms the upper Bad Creek Reservoir and the
intake and discharge structures [Schaeffer, 1987]. The Bad
Creek Project consists of an upper reservoir, a lower reservoir,
and a 9.1 m diameter power tunnel connecting both pools.
Lake Jocassee serves as the lower reservoir and as the main
supply of water for Bad Creek Reservoir (Figure 1).

Bad Creek Reservoir was impounded between January 4
and March 8§, 1991, behind a 110 m high main dam, a 52 m high
west dam, and a 27 m high east dike with a full pond surface
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Figure 1.
the location of shear zones and observation wells.

area and volume of 1.26 X 10° m? and 33.5 X 10° m?, respec-
tively; a small reservoir compared to other locations of reser-
voir induced seismicity (RIS). However, because of a maxi-
mum drawdown of 48.8 m at rates as high as 3.8 m h™*, Bad
Creek Reservoir was chosen for a study of the effect of rate of
impoundment on RIS [Talwani et al., 1990].

To generate electricity during times of peak energy demand,
water flows from Bad Creek Reservoir (full pond elevation
704 m (2309 feet)) through an intake structure at an elevation
of 636 m and then through the power tunnel to an under-
ground powerhouse near Lake Jocassee at an elevation of
315 m. During off-peak hours, Duke Power Company reverses
the pump turbines to pump the water back into Bad Creek
Reservoir from Lake Jocassee. The Bad Creek Reservoir can
be emptied in 1 day and refilled in 4 days.

1.2. Shear Zones

The Bad Creek Project is located within the Toxaway Dome
in the Blue Ridge geologic province, immediately northwest of
the Brevard zone in South Carolina [Hatcher, 1977]. The dome
is flanked on all sides by rocks of the Tallulah Falls Formation.
It is an elongate feature that has a steeply dipping to over-
turned northwest limb and a more moderately inclined south-
west limb. At the ends, the structure plunges gently northeast
and southwest, resulting in a structural dome defined by up-
ward arching of the dominant foliation.

At least two episodes of flowage folding have been recog-
nized in the Toxaway Dome. The first set is isoclinal and
recumbent, trending east to northeast and verging north to
northwest. The second set is more upright, isoclinal to open,
trending northeast and verging northwest.

Shear zones with thicknesses of up to 1 m occur throughout
the Toxaway gneiss and are related to the second episode of

Map showing the location of Bad Creek Reservoir in northwestern South Carolina. Inset shows

folding. Superposed on the ductile shearing is a later brittle
deformation which also formed high-angle fault zones.

In conjunction with the construction of dams and intake
tunnels, six shear zones, dipping southeast and roughly parallel
to each other, were discovered [Schaeffer et al., 1989; Talwani,
1990]. Numerous drilling logs and detailed surface mapping
revealed that the shear zones dip to the southeast at angles
from 20° to 40° [Schaeffer et al., 1989; Widdowson et al., 1991].
Four of these shear zones outcropped within the Bad Creek
Reservoir (Figures 1 and 6a). Shear zone C lies under the east
dike and was the subject of detailed geotechnical investiga-
tions. These shear zones are hydraulically connected to the
reservoir, facilitating the transmission of pore pressure to
greater depths.

Shear zone C in the reservoir consists of sheared areas 0.6-1
m thick (Plate 1) with alternating layers of hard material (dis-
continuous quartz-feldspar pegmatites and breccia with an epi-
dote-chlorite matrix) and softer material (weathered sheared
rock, weathered granitic gneiss, and discontinuous lenses of
biotite schist). A 1-25 cm thick discontinuous phyllonite layer
occurs along the major sheared areas. Several well-defined
planes within the sheared area contain discontinuous clay lay-
ers up to 5 cm thick. The discontinuous hard breccia layers are
generally highly fractured with intense iron and manganese
staining occurring throughout, indicating water circulation in
the shear zone. Some portions of the shear zone have up to 18
cm of gouge-breccia comprised of rock, quartz-feldspar frag-
ments, and vein quartz in a clay matrix. Secondary minerals in
the shear zone include quartz and calcite. The shear planes are
not uniformly permeable, and the zones of high permeability
are probably related to the relatively thin, hard layers of frac-
tured pegmatite and breccia in the zone [Schaeffer et al., 1989].
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Plate 1.
southeast dipping shear zone C.

1.3.

The locations and dips of the shear zones mapped at the
surface and in the tunnels were used to choose sites for three
observation wells, OW1, OW2, and OW3. OW1 and OW2
were spudded within the reservoir, whereas OW3 was located
~250 m outside the reservoir (Figure 1). Each well was con-
tinuously cored to total depth (Table 1) and a 3.05 m (10 feet)
PVC slotted pipe with a slot size of 0.025 cm (0.010 inches) was
installed at the depth where the borehole intersected the shear
zone.

In OW3, the shear zone is ~1 m thick and consists of
sheared and fractured areas separated by relatively unde-
formed granitic gneiss. About 0.6 m of core was lost during
drilling which probably corresponds to the softer, weathered
portions of the shear zone observed elsewhere.

Instrumentation
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View of northeast and southeast walls of the intake structure showing the 1 m thick yellow-brown

A pressure transducer was installed in the slotted pipe which
was packed in a bed of pea gravel. The pressure transducers
were open to the shear zones through 3.18 cm (1.25 inches)
slotted screens. A bentonite seal separated the gravel from the
formation above (Figure 2). A threaded cap was installed at
the bottom of the PVC pipe.

The automated data acquisition system consisted of a fully
submersible pressure transducer, a data-logger manufactured
by Electronics Engineering Innovations, Inc., with a range
0-0.206 MPa, and a power source. Data were retrieved using
a laptop computer.

Monitoring of water levels in the observation wells began
with the start of impoundment of Bad Creek Reservoir on
January 4, 1991. Once OW1 and OW2 were submerged, the
water levels in the wells were the same as in the reservoir

Table 1. Instrumentation History

oWl Oow2 ow3
Total depth 24.63 m 3335 m 126.13 m
Depth of slotted screen 15.03-18.07 m 27.25-30.30 m 90.22-93.27 m
Intersects shear zone F E C
Pressure transducer make In Situ, Inc. In Situ, Inc. Omega Eng.
Range 0-0.303 MPa 0-0.303 MPa 0-0.103 MPa
Installation date Oct. 3, 1990 Sept. 28, 1990 Nov. 12, 1990
Initial recording ended on June 14, 1991 May 23, 1991 Oct. 23, 1991
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Figure 2. Schematic figure to show the data acquisition sys-
tem at OW3. The pressure transducer is isolated from the top
by a bentonite seal and is open to the shear zone through the
slotted screen.

(Figure 3). The transducers in them failed on June 14 and May
23, 1991 (Table 1), and were not replaced.

OW3 showed a delayed and muted response. We continued
to monitor OW3, but continuous data could not be obtained
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because of breakdowns, lightning strikes, and time lost in re-
pairing and replacing the transducers. Data were obtained
intermittently from March 12 to December 29, 1992, August
11, 1994 to January 19, 1995, July 19 to September 10, 1995,
and from November 13, 1995, to the end of 1996. In 1991 and
1992, water levels in the observation wells were recorded every
15 min, and after 1994, they were recorded every 30 min.

2. Observations

After the initial impoundment (Figure 3), the water level
fluctuations in OW3 closely resembled those in the reservoir
but with a discernible delay. Cross correlation between the
time series representing the water levels for the period June 15
to December 1, 1992, showed that the maximum correlation
coefficient (0.80) corresponded to a 98 hour lag [Cobb, 1997].
Figure 4a compares the water level of the reservoir (shifted by
98 hours) with that in OW3 (plotted on an enlarged scale). We
note that there is excellent agreement between the two curves,
both in their long period and short period behavior. The ob-
servation that there is a near perfect match in the short period
(24 hours) fluctuations (Figure 5) suggests that the shear zone
is saturated.

We interpret these observations as follows: Lake level
changes about a mean level, AL, result in corresponding pore
fluid pressure changes at the bottom of the lake on top of the
shear zone. These pore pressures are transmitted through the
shear zone arriving at the bottom of OW3 98 hours later. The
water level changes in OW3 about a mean level, AW, are a
measure of the pore pressure changes at the bottom of OW3 in
the shear zone. On the basis of the assumption of one-
dimensional (1-D) fluid pressure diffusion,

a*plart = (1/C)ap/at (1)

where p is the fluid pressure and C is the hydraulic diffusivity
(m? s~ 1). Neglecting poroelastic compression, the ratio of the
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Figure 4. Comparison of water levels in the lake and OW3. The lake levels have been shifted by the time
lag. (a) June 15 to August 29, 1992, (b) August 11 to September 11, 1994, (c) July 19 to September 10, 1995;
and (d) June 1 to July 1, 1996. Note how well the water level changes in OW3 mimic those in the reservoir

at both long and short periods.

water level changes, R = AW/AL, is a measure of the pressure
changes, i.e.,

R =AW/AL =p(r, t + At)/p(0, t) = 1 — erf (r/2|/CAY)
(2)

where p(0, ¢) and p(r, t + At) are pore pressures in the shear
zone at the bottom of the lake, at a time r and at OW3, located
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Figure 5. Comparison of water level changes with respect to
the mean values for the lake and OW3 plotted on an enlarged
scale. Note how well the short period (24 hours) changes in the
lake are mimicked by OW3, suggesting that the shear zone is
saturated.

at a distance r along the shear zone at a time (¢ + Af).
Knowing r, R, and At, C can be calculated from (2).

For the water level series in 1994 and after, Ar was found to
be 72 hours, with correlation coefficients of 0.80—0.72 [Cobb,
1997]; that is, there was a reduction in the time lag between
1992 and 1994, after which the same time lag was observed
through 1996. This observation suggested that the hydrologic
system had reached steady state conditions. This observation is
illustrated by comparing the water level in the reservoir, shifted
72 hours, with that in OW3 for the time periods August 11 to
September 11, 1994, July 19 to September 10, 1995; and June
1 to July 1, 1996 (Figures 4b—4d). In each case, we find that the
water level in OW3 mimics that in the reservoir with a delay of
72 hours.

2.1. Ratios of Water Levels

The ratio R was obtained in two ways. First, R was taken to
be the ratio of the hourly differences from the mean water
level in OW3 for a given period to the average of the hourly
differences from the mean water in the lake but shifted by At¢.
For the period June 15 to August 29, 1992, the average lake
level was 690.34 m (2264.91 feet) and the average water level
in OW3 was 648.74 m (2128.42 feet) (Figure 6b) [Talwani and
Cobb, 1997]. The ratio of the average of the hourly departures
of AW and AL was 0.19.

The ratio R was also calculated by taking the ratio of the
corresponding largest changes in the water levels. For both the
lake level and the water level in OW3, the deviations with
respect to the mean were compared. For the period July 2 to
August 6, 1992, the amplitudes of the largest departures from
the mean water level are 3.63 m (11.9 feet) for OW3 and 19.45
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Figure 6. (a) Cross section of the Bad Creek Reservoir area showing locations of shear zones with respect
to the intake structure located just below the low-water level and penstock and powerhouse areas. (b) A
NW-SE cross section showing geometry of the Bad Creek Reservoir, shear zone C, and OW3. At the start of
initial impoundment in 1991, the water level in OW3 was 638 m (2093 feet). Between June 15 and August 29,
1992, the water levels in the lake and OW3 fluctuated about mean values of 690 m and 649 m, respectively.
The slant line through OW3 in Figure 1 shows the location of the cross section shown here.

m (63.8 feet) for the lake, yielding a value of 0.19 for the
amplitude ratio, R (Figure 7a).

Amplitude ratios were calculated for other time periods and
three examples are shown in Figures 7b-7d, corresponding to
August 11 to September 30, 1994, July 19 to September 10,
1995, and November 13, 1995 to April 12, 1996, respectively.
(For other examples see Cobb [1997].) While the time lag, Az,
decreased, the amplitude ratios increased after 1992. These
ratios and the corresponding delays, A¢, were used to calculate
the hydraulic diffusivity, C, using (2). The results are given in
Table 2.

2.2. Estimating the Permeability

Bodvarsson [1970] and Talwani and Acree [1984] related the
hydraulic diffusivity, C, to the permeability of a medium, k, by
the relation

k
€= Wl + (1 - $)B] )

where p, b, B, and B, are fluid dynamic viscosity, rock poros-
ity, and the compressibilities of fluid and rock, respectively.
A priori, we do not know if there is a temporal change in the
porosity of the shear zone. If the porosity increases with time
or remains constant, (3) suggests that an increase in the hy-
draulic diffusivity, C, implies an increase in the permeability. If

we assume that u, ¢, B8,, and B, are unchanged, and using the
following reasonable values, the permeability k can be calculated.
Assuming u = viscosity of water = 102 poise = 10> Pa(s), ¢ =
porosity of fractured rock = 3 X 107 [see, e.g., Brace, 1965], B, =
effective compressibility of water = 4.6 X 107'° Pa™!, and B, =
compressibility of rock = 2 X 10~'" Pa~!, the observed hydraulic
diffusivity of 0.0515 m* s™' corresponds to a permeability of
1.10 X 10~' m? (1.10 millidarcy).

From Table 2 we note that after initial filling, the hydraulic
diffusivity and permeability values were (0.0515 m? s~! and
1.10 X 10~'5 m?). In subsequent years, there was ~60% in-
crease in C and k. We will discuss the significance of these
values in section 5.4.

2.3. Permeability Measurements

During the construction stage of the Bad Creek Project, the
various shear zones were discovered and mapped [Schaeffer,
1987; Schaeffer et al., 1989]. Shear zone C was located where
the east dike was to be constructed. Included among the var-
ious investigations was the sinking of several boreholes, many
of which intersected the shear zone C. The “coefficient of
permeability,” K, was obtained by carrying out pumping-in
tests [U.S. Bureau of Reclamation, 1974]. The shear zone was
isolated by packers above and below the zone in the borehole.
The pumping-in test therefore measured K of the shear zone.
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Figure 7. Comparison of deviations from the mean water levels in the lake (AL) and OW3 (AW) used to
calculate R for different time periods. (a) July 2 to August 6, 1992, (b) August 11 to September 30, 1994, (c)
July 19 to September 10, 1995, and (d) November 13, 1995 to April 12, 1996.

The coefficient of permeability, K, in geotechnical literature is
the same as hydraulic conductivity in geohydrological litera-
ture. The shear zone was encountered in four boreholes at
depths ranging from ~6.7 to 17.4 m below the surface. The
hydraulic conductivity, K, is related to permeability, k, by the
relation

K =kgp/p 4)

where ¢ is the acceleration due to gravity, u is dynamic fluid
viscosity, and p is the density of water.

The hydraulic conductivity values in the four boreholes were
22X 107856 X 107544 X 1077, and 2.1 X 10 *m s .
Taking w = 1073 Pa(s) and p = 10° kg m >, k was calculated
from (4). The resulting permeability in the shear zone near the
surface ranged between 2.2 X 107"'% and 2.1 X 10~"* m?. The
lower end of the range 2.2 X 107 !> m? is probably more
representative of the shear zone as a whole. This value agrees
very well with that inferred from a comparison of the water
levels (Table 2).

Table 2. In Situ Hydraulic Diffusivities and Permeabilities
At, C, kx 107"
Period R hours m?s™! m?
June-Aug. 1992 0.19 98  0.052x0.001 1.10*0.2
Aug. 1994 to 0.18-0.25 72 0.080 =0.002 1.71 =0.03
Jan. 1995 Average ~0.22
July-Sept. 1995 0.23 72 0.083 =0.002 1.78 =0.04
Nov. 1995 to 0.18-0.25 72 0.083 £0.002 1.78 =0.04
April 1996 Average ~0.23

3. Spectral Analyses

In comparing the time series representing the water levels in
OW3 and Bad Creek (Figure 4), we see that there are some
predominant long-period and short-period frequencies. In or-
der to determine the predominant frequencies and their tem-
poral behavior, we obtained the amplitude spectra for the
water levels in OW3 and Bad Creek Reservoir for time se-
quence I, June 15 to August 29, 1992, and time sequence II,
November 14, 1995, to November 2, 1996 [Cobb, 1997]. For
both time sequences, the spectra for OW3 and Bad Creek
Reservoir water levels showed similar predominant frequen-
cies, as is illustrated by comparing the normalized amplitude
spectra for sequence I (Figure 8). The dominant frequencies in
Figure 8 correspond to periods of 28, 17, 12, 7, days and 1 day.
For the longer sequence II, spectral peaks were obtained cor-
responding to periods of 68, 31, 17, 12, and 7 days and 1 day
[Cobb, 1997]. For sequence I we note that for OW3 the am-
plitudes of the peaks corresponding to 7 days and 1 day are
significantly smaller than those for peaks corresponding to 28
days, 17 days, and 12 days. The corresponding peaks for the
lake levels do not show a similar difference. This observation
suggested that the longer periods were more efficiently trans-
mitted through the shear zone.

To seek the frequency response, the water level data were
filtered using a narrow bandwidth Butterworth filter. Figure 9
shows the water levels for sequence II filtered through a But-
terworth filter with a bandwidth corresponding to 26-36 days.
This bandwidth encloses the predominant period of 31 days
(T = 31 days) found in the amplitude spectra for sequence II.
We note an excellent correlation between the two time series.
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Figure 8. Normalized amplitude spectra of the water level
time series for the lake and OW3 for the period June 15 to
August 29, 1992. Note how both series have similar spectral
peaks. The peaks correspond to periods (in days) of 28, 17, 12,
7, and 1, respectively.

correlation between the two time series yielded a lag, A¢, of
116 hours, and an amplitude ratio R of 0.31 was obtained by
comparing AW and AL for various peaks.

Using the method described for 7 = 31 days, the amplitude
ratio R and time lag, A¢, were calculated for periods corre-
sponding to spectral peaks for the water level time series for
the two time sequences. The results are given in Table 3. We
note that the longer periods are associated with larger ratios,
R, and also larger time lags, A¢. These results are discussed
later in section 5.3.

The amplitude ratio R for both sequences showed an expo-
nential relationship with the frequency of water level changes
(Figure 10). The data fit the relationship

R =0.50 exp [—1.29(10%)] = 0.03 (5a)

where f is the frequency in Hertz. In terms of period of water
level changes T (days) the data fit the relationship

R =0.50 exp (—14.93/T) = 0.03 (5b)

The frequency dependent exponential decay of the pore
pressure is the typical response to periodic changes in pore
pressure at the surface. We use this observation to estimate the
hydraulic diffusivity from phase data.

Following Todd [1959, pp. 163-165], if the lake level varies
with a simple harmonic motion (which is equivalent to periodic
pore pressure changes at the bottom of the reservoir), a sinu-
soidal pore pressure train propagates along the shear zone.
With increasing distance away from the reservoir, amplitudes
of the waves decrease and the time lag for a given maximum
increases. For a one-directional flow in the shear zone, the
applicable differential equation is given by (1) where p is now
harmonic and the applicable boundary conditions are p = p,
Sin wt atr = 0 and p = 0 at r = . The angular velocity is
w, for lake level changes with a period 7,

w=2xw/T (6)
The solution of (1) with these boundary conditions is

p(r, @) = pee "V Sin (wt — r\w/2C) (7)

The ratio of the amplitudes of any period of the pore pressure
change at a distance r, p(r, w) to those at the lake p (0, w) is
given by
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R =p(r, w)/p(0, w) = e "2 )

The time lag of a given maximum or minimum after it occurs
in the lake is given by

At = r\1/(20C) )

The phase velocity for a particular period is

V,=r/At = 20C (10)
The wavelength of a particular period is
A=272Clw (11)
From (6) and (10) we get
C = r*T/[47(Ar)] (12)

The time lags, A¢, for various periods, 7', are listed in Table 3.
Using (12), we obtained C. For example, the period 7 = 31
days is associated with a time lag At of 116 hours and r = 250
m; substituting in (12) yields C = 0.0764 m*s .

The hydraulic diffusivity was calculated for the predominant
frequencies in 1992 and 1996 (Table 3, Figure 10). The value of
C in 1992 varied between 0.089 and 0.046 m* s~ ' with an
average value of 0.067 m? s~'. The data suggest frequency
dependence of C. However, in 1996 the calculated values of C
are frequency independent (0.076 = 0.011 m?* s~ '). The data
suggest a 13% increase in C between 1992 and 1996 for the
average values. The >50% increase calculated from (2) (Table
2) and frequency dependent values of C for 1992 (Table 3)
suggest that for the 2.5 month period in 1992 the shorter
periods dominated.

4. Determination of Skempton’s Coefficient

In section 3 we noted that for the short period changes in
AL the load oscillates too fast compared to the time required
for the pore pressures to diffuse to OW3. The response in the
well approaches that of an undrained system; that is, the well
seems to respond elastically, and pore pressure changes are
induced by surficial loading or unloading with little or no delay
(Table 3).

We use this observation to calculate the Skempton’s coeffi-
cient, B, at the bottom of OW3. For a rapidly oscillating load

L L B B AN EL A S B e S ey s

6 )
November 14, 1995 ~ November 2, 1996

Filter = 1 eycle per 31 days

Deviction with Respect fo the Mean
=

-4
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Figure 9. Smoothed water levels in the lake and OW3 after

applying a Butterworth filter with a bandwidth corresponding

to periods of 26-36 days. The larger amplitude curve is for the

lake level.
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Table 3. Hydraulic Diffusivities From Phase Data

Sequence 1
June 15 to Aug. 29, 1992

Sequence 11
Nov. 14, 1995, to Nov. 2, 1996

Period T, At, C*, At, C,
days R hours m? 5! R hours m?s!
31 0.31 116 0.076
28 0.28 102 0.089 s s o
17 0.23 90 0.070 0.23 86 0.076
12 0.14 80 0.062 0.14 78 0.065
7 0.06 71 0.046 0.07 52 0.086
1 0.03 <3 0.03 ~0 s
(0.029)
AVERAGE 0.067 0.076

*C calculated from phase velocity, equation (12).

at the surface in an undrained system, the changes in pore
pressure, dp at a point below are proportional to the changes
in the mean stress, d(o./3),

dp = —Bd(oy/3) (13)

To calculate the mean stress change due to the reservoir fluc-
tuations at the bottom of OW3, we treated the reservoir as a
circular load.

For a circular load with radius b subjected to uniform load
p, the vertical (o,), radial (o), and transverse (o,,) stresses
at a point at a radial distance p from the center of the circular
load and depth z have been tabulated by Ahlvin and Ulery
[1962] in terms of geometric functions. Each function is ex-
pressed in terms of both the depth and offset distance in radii
(z/b and p/b), which identify the location of the point at which
the stresses are calculated.

We take the radius of the Bad Creek Reservoir correspond-
ing to the mean water level (b = 549 m), the distance from the
center of the reservoir to the top of the well (p ~ 793 m), and
depth of the shear zone in the well (z ~ 100 m). The corre-
sponding coordinates of the point for which we estimate the
stresses expressed in terms of radii are z/b ~ 0.2, and p/b ~ 1.5.

From the tables [Ahlvin and Ulery, 1962, pp. 2-7], we get
o,/p = —0.008, o /p = —0.038, and o,,/p = —0.085 (com-
pression taken to be negative). These values give a mean stress
of —0.044 p.

The ratio of the pore pressure changes in the well to those in

R= 0.50exp(-1.29*10°f) £0.03

o
_ ~
- 0.2 E
§ (2 =0.99 o
2 £
o F0.15 S
= ]
< ]

RE

o © £
g lo1 O
2 * o 2
S ¢ * g
£ ® 8
) - ’ - -g

I

A 1996 o C-1996
0.01 T T T T T 7 T T 0
2 4 -] 8 10 12 14 16 18
f(Hz)*10"7

Figure 10. Empirically obtained relationship between R and
the frequency of water level changes and calculated values of
hydraulic diffusivity plotted as a function of frequency.

the lake from a filtered series corresponding to 7 = 1 day
(Table 3) is 0.029; that is, dp/p = 0.029.

B dp/p

= Ao 000

5. Results and Discussion

The results of a field experiment have led to in situ estimates
of hydraulic diffusivity (~0.1 m* s~ ') and permeability (1-2 X
10~'* m? and temporal changes there in) of a narrow shear
zone in crystalline rocks near Bad Creek Reservoir in north-
western South Carolina. These were obtained by comparing
water level changes in a reservoir with correlative changes in
an observation well connected to the reservoir by a saturated
shear zone. Spectral analyses of the water level time series
illustrated the frequency dependent behavior of the shear
zone. The spectral data were further used to estimate an in situ
value of ~0.66 for the Skempton’s coefficient. These results
and their implications are discussed next.

5.1. Shear Zones Control Fluid Flow

Shear zone C is one of six shear zones encountered during
the construction of the Bad Creek project. It was encountered
at six locations underground and was found to have a uniform
thickness of ~1 m over at least 1 km (Figure 6a) [Schaeffer,
1987]. Its appearance underground, about the powerhouse,
was similar to that outcropping in the intake structure (Plate
1). Detailed mapping of the bedrock geology underground at
the site of the powerhouse (Figure 6a) and at other locations
revealed the presence of shear zones, continuous high-angle
faults and hundreds of discontinuous joints. Of these, only the
shear zone and, to a much lesser extent, the continuous high-
angle faults are the primary conduits of water at depth in the
gneissic bedrock [Schaeffer, 1987]. In the underground works
the only features transmitting water are the shear zones. Al-
though the shear zones contain clay, the paths of fluid flow
have been established around them. This observation attests to
the inference that the flow of fluids (and fluid pressure) is
limited to the continuous shear zones and is not affected by the
ubiquitous presence of discontinuous joints. On the basis of
the excellent coherence between short-period fluctuations in
the lake and well water levels (Figure 5), we had inferred that
the shear zone is saturated. This inference is borne out by the
observation of the shear zones encountered in the under-
ground works.
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5.2. Homogeneous Behavior of Shear Zones

The shear zones are parallel to the foliation which in turn is
related to the second folding episode of the Toxaway gneiss.
Thus, shear zone C is essentially a two-dimensional planar
structure (Figure 6a and Plate 1), and its hydraulic properties
were estimated by one-dimensional modeling of diffusion of
harmonic fluid pressure changes along the shear zone. The
wavelengths of the harmonic fluid pressure changes corre-
sponding to the periods of lake level changes (7 > 7d) are
larger than the reservoir-well distance for which the perme-
ability is estimated. At these temporal and spatial scales, the
shear zone behaves homogeneously with respect to its hydrau-
lic properties.

This contrasts with the heterogeneity often observed in per-
meability estimations of laboratory or core samples. Even in
situ determinations of hydraulic conductivity of outcrops of
shear zone C (described in section 2.3), the values varied by
over 2 orders of magnitude, display heterogeneity at a outcrop
scale. These observations suggest that care should be taken
when projecting results of permeability measurements made
on laboratory samples, or of in situ tests on outcrops, to larger
depths and on longer timescales.

5.3. Frequency Dependence of Pore Pressure Diffusion

The one-dimensional model for the diffusion of sinusoidal
pore pressure changes (in response to lake level fluctuations)
fits the observations. The dependence of pore pressures at
depths on the frequency of lake level fluctuations was observed
and confirmed theoretical predictions of Roeloffs [1988],
namely, z = (2C/w)"'/?, where z is the depth below which no
pore pressure changes are felt due to lake level fluctuations at
the surface with an angular frequency . These results also
offer an explanation for the observed phenomenon of Pro-
tracted Reservoir Induced Seismicity [Talwani, 1997], which is
discussed in section 5.7.

5.4. Temporal Changes in C and k

The temporal increase of C and k between 1992 and 1994
(Table 2) can possibly be explained by an observation from
shear zone D. Drain holes were installed through shear zone D
upstream of the powerhouse in the Penstock tunnel (Figure
6a) to relieve any build-up of pressure. Monitoring of these
drains since early 1991 indicated that fines (even now in March
1998) are being removed from the shear zone. The continued
presence of the fines in shear zone D in the Penstock tunnel,
~1.5 km from the reservoir, 7 years after impoundment sug-
gests that the flushing action of the reservoir is still ongoing. In
contrast, by 1994, all the fines were flushed out of the 250 m
portion of shear zone C, between the reservoir and OW3,
explaining the decrease in time lag from 98 hours in 1992 to 72
hours in 1994 and no further change. The flushing out of the
fines led to a decrease in time lag and an increase in the
calculated values of C and k.

5.5. Comparison of Hydraulic Diffusivity Values Obtained
From Phase Data and Amplitude Ratios

The hydraulic diffusivity was calculated from phase data
(equation (12)) and from amplitude ratio of water levels
(equation (2)). For the period 1994 and after, the average
value of C obtained from the phase data, ~0.0764 m* s’
(Table 3), was lower than that from the amplitude ratios,
~0.080-0.083 m* s—* (Table 2). The pore pressure at OW3
and hence R in Table 2 contained both the undrained and
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drained response to loading. We subtracted 0.03, correspond-
ing to the undrained response from the amplitude ratios in
Table 2, and recalculated C using (2). The average of the
corrected values of C, ~0.0723 m? s~ ', was within about 5%
the value obtained from phase data. This result suggests that
the hydraulic diffusivity calculated from amplitude ratios
(equation (2)) neglecting the undrained response to loading
can lead to an overestimation of the true value of C by about
5%.

5.6. Comparison of Observed Hydraulic Properties
in Shear Zone C With Other Locations

The frequency independent diffusivity value obtained for
shear zone C ~ 0.1 m? s~ " lies in a range of values observed
for fractured crystalline rocks (0.1-10 m? s~ ') [see, e.g., Ro-
eloffs, 1997] and toward the low end of a range of values of C
estimated for various examples of induced seismicity. Those
values of C inferred from seismicity data cluster around 1 m?
s~ ! and range between 0.1 and 10 m? s~ ! [Talwani and Acree,
1984; Rastogi et al., 1986]. Roeloffs [1988] noted that C ob-
tained from seismicity data by Talwani and Acree [1984] tended
to be an upper bound value of C as it did not consider the
undrained response of the reservoir. Shapiro et al. [1997] ob-
tained C ~ 0.5-1 m? s~ ! from seismicity data associated with
hydraulic-fracturing in the German Continental Drilling Bore-
hole (KTB).

The observed values of hydraulic diffusivity at other sites of
RIS in South Carolina (~5.0 m? s~ ! at Lake Jocasse, 1.5 m?
s~ at Clarks Hill Reservoir, and ~2 m? s~ ! at Monticello
Reservoir [Talwani, 1981]) are about an order of magnitude
greater than those observed in the shear zone C. A possible
explanation is the observation that the joint intensity at Bad
Creek (~8 m?/m?) is about 1/8 that observed at Lake Keowee
(~61.1 m*m?), the location of induced seismicity [Schaeffer,
1991]. The joint intensity, which is a measure of joint surface
area per unit volume of rock (in m*m?) is a loose measure of
the permeability of the fractured rock. The calculated perme-
ability, 1-2 X 10~'> m?, for the shear zone lies in the range of
values for crystalline rocks in the upper crust [see, e.g., Brace,
1984; Clauser, 1992] and at the upper end of those observed
near the KTB hole at a depth of 7.5-9 km [Shapiro et al., 1997].

An in situ estimate was obtained for Skempton’s coefficient
for a location in fractured crystalline rocks at a depth of ~100
m. The observed value of B ~ 0.7 lies in the range of values
for quartzitic sandstone 0.56—0.72 [Houston and Kasim, 1982]
and below those for Quincy granite (0.84-0.94) and Vermont
marble (0.97-0.99). Houston and Kasim [1982] calculated
those values of B from elastic constants and porosity estimates.
Values of B calculated from laboratory measurements of elas-
tic moduli vary with effective pressure. Roeloffs [1988] lists
calculated values based on laboratory measurements for two
granites. They range from 0.23 to 0.99 depending on the ef-
fective pressure. In a laboratory study of synthetic and natural
sandstones, Berge et al. [1993] obtained B near 0.7-0.8 for
differential pressures of about 8-21 MPa. For differential
pressures below ~2 MPa, the measured values of B were
approximately unity.

5.7.

The dependence of the pore pressures at depths on the
frequency of lake level fluctuations was observed and con-
firmed theoretical prediction of Roeloffs [1988]. These results
also offer an explanation for the observed phenomenon of

Implications for Reservoir Induced Seismicity
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protracted reservoir induced seismicity [Talwani, 1997]. Pro-
tracted RIS is that which is observed for long periods of time
and does not die out a few years (or months) after impound-
ment. The best examples of protracted RIS are the ongoing
(more than 30 years after impoundment) RIS at Koyna, India,
and the RIS observed for over three decades near Lake Mead
behind the Hoover Dam. The results of this study support the
suggestion by Talwani [1997] that a major cause of the ob-
served protracted RIS at Koyna, India, and Lake Mead is the
large annual fluctuations in the lake level.
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