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Mechanism of Initial Seismicity Following Impoundment
of the Monticello Reservoir, South Carolina

by Linyue Chen and Pradeep Talwani

Abstract Induced seismicity has been observed near Monticello Reservoir, South
Carolina, since December 1977. Deployment of a seismic network before impound-
ment allowed for detection and accurate location of pursuant seismicity since its
inception. Corroborative fault-plane solutions, together with geological and borehole
data on fracture orientations, made it possible to determine the structures associated
with the initial seismicity. Earlier descriptions attributed this seismicity to the un-
drained elastic response to impoundment of the reservoir or to a coupled poroelastic
response, where diffusion of pore pressure and subsequent weakening was the pre-
dominant cause. Quantitative evaluation of strength changes at hypocentral locations
of a subset of 53 well-located earthquakes that followed the initial impoundment led
to the following results: (1) The rocks in the vicinity of Monticello Reservoir are
critically stressed, and strength changes less than or equal to 0.1 MPa are adequate
to trigger seismicity; (2) except at locations on the periphery of the reservoir, and at
shallow depths within it (=1 km), impoundment of the reservoir led to strengthening
at hypocentral locations due to the undrained elastic effect; (3) diffusion of pore
pressure is the dominant mechanism for the observed seismicity; and (4) the inferred
permeability of the fractures associated with seismicity, 5 X 10~'* m? (50 mD), lies
within the range of seismogenic permeability associated with induced seismicity.

Introduction

Seismicity induced by human activity is confined in
both space and time, and its study can lead to a better un-
derstanding of the physics of earthquakes. Studies of seis-
micity related to impoundment of reservoirs (e.g., Simpson
and Negmatullaev, 1981; Talwani, 1996), injection of fluids
in a well (e.g., Zoback and Harjes, 1997; Jost et al., 1998),
withdrawal of fluids (Segall, 1989) and mining activity (e.g.,
McGarr and Wiebols, 1977; Gibowicz and Kijko, 1994;
McGarr 1994), all bear evidence to the presence of critically
stressed rocks in the earth’s crust, wherein small stress
changes induced by human activity trigger earthquakes.

Seismicity at Monticello Reservoir, South Carolina, is
one of the better studied examples of reservoir induced seis-
micity (RIS). Seismic monitoring started in September 1977,
three months before reservoir impoundment, and detailed
geological, geophysical, and borehole data were obtained
subsequently (South Carolina Electric & Gas Company,
1977; Talwani et al., 1978, 1980; Fletcher, 1982; Hutchen-
son, 1982; Secor et al., 1982; Zoback and Hickman, 1982;
Talwani and Acree, 1987). These data have made it possible
to infer the mechanisms associated with the onset of RIS
(Talwani and Acree, 1984; Simpson et al., 1988; Rajendran
and Talwani, 1992; Talwani, 1997). All these studies address
the mechanisms of RIS in a qualitative manner. Simpson et

al. (1988) ascribe the initial seismicity to the undrained load-
ing effect of impoundment, whereas Talwani and Acree
(1984) and Talwani (1997) suggest that diffusion of pore
pressure was mainly responsible. To evaluate these effects,
we report the results of quantitative evaluations of the two
mechanisms. First, we briefly summarize our understanding
of these two effects and then evaluate the factors that led to
the initial seismicity from 25 December 1977 to 31 January
1978.

Background

Impoundment of a reservoir can trigger seismicity in
two ways, an immediate, undrained response to loading, and
a delayed response due to the diffusion of pore pressure. (For
a detailed discussion, see Simpson et al. [1988], Rajendran
and Talwani [1992], and Talwani [1997].) Here we briefly
summarize the two effects and introduce the nomenclature
used in this article.

The RIS is caused by shear failure along a pre-existing
fault plane. According to Coloumb’s law, the total strength
change, AS, along the pre-existing fault plane due to reser-
voir impoundment is given by (Bell and Nur, 1978):
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AS = u(Ao, —AP)-Ar, (la)
and

(1b)

where Ao, and At are the changes in normal and shear
stresses, respectively, and y is the coefficient of friction. The
change in pore pressure, AP, occurs in two ways: instantly,
in response to undrained loading, AP, in which the porous
rock is compressed, yet fluids remain confined within it (e.g.,
Skempton, 1954); and after a time delay by diffusion of pore
pressure AP, from the reservoir into the shallow crustal
rocks. Negative values of AS signify weakening of the fault,
while positive values imply strengthening. An increase in
AP weakens the fault.

Neglecting nonlinear effects, the subsurface responds
elastically to the reservoir loading by changing normal and
shear stresses on a fault plane. An increase in normal stress
strengthens the subsurface fault, while a change of shear
stress may weaken or strengthen the fault depending on the
orientation of the fault relative to the regional stress field.
The instantaneous, or undrained change in strength, AS,,
occurs due to an elastic response to loading. It is given by

AP = (AP, + APy),

AS, = U(AG, —AP,) - AT. (lo)

Knowing the filling history, hypocentral locations and ori-
entation of fault planes on which the earthquakes occurred,
we can calculate Ag,,, AP, and At, and thus, AS,, from equa-
tion (1c). Assuming the hydraulic diffusivity of the fractures,
we can calculate APd,-ﬁc, and from equations (1b) and (1a),
we can obtain the total change in strength, AS, at the hy-
pocenter at the time of the earthquake.

We illustrate this technique with observations from
Monticello Reservoir, South Carolina, where hypocentral
data associated with the impoundment of the reservoir are
available.

Initial Seismicity at Monticello Reservoir

Located in central South Carolina, Monticello Reservoir
is the source of cooling and makeup water for the Virgil C.
Summer Nuclear Station (Fig. 1). Filling of the reservoir
started on 3 December 1977 and was completed on 8 Feb-
ruary 1978 (Fig. 2). The reservoir has a surface area of 27
km? and a storage volume of 0.49 km? (Talwani and Acree,
1987).

Seismic monitoring started before the reservoir was im-
pounded. A permanent three-component seismic station,
JSC, located 3 km southeast of the reservoir, has been in
operation since early November 1973. An additional four
seismic stations (Fig. 1) were established by South Carolina
Electric & Gas Company three months before the reservoir
was impounded (Talwani and Acree, 1987). These five sta-
tions were used to locate subsequent seismicity. The earth-
quakes were located using the computer program HYPO71

1583

(Lee and Lahr, 1972) and a five-layer velocity model de-
veloped for the RIS at Monticello Reservoir (Talwani and
Acree, 1987).

The velocity model was developed by incorporating
data from two sources. The shallow (<1 km) velocity struc-
ture was obtained from a velocity log in deep well no. 1
(Fig. 1). The deeper structure was obtained from two cali-
bration shots in a shallow well (at depths of 20-30 m) lo-
cated on the western shore of Monticello Reservoir (near
cluster 3 in Fig. 1). The origin times of the blasts were ob-
tained from a seismograph located near the shot point. Im-
pulsive P- and S-wave arrivals were used to obtain V, and
V. The velocity model was tested using travel-time data and
the earthquake location program HYPO71 (Lee and Labhr,
1972) to compare the computed locations of the blasts with
their actual location. The two blasts were located within 100
and 50 m (epicentral distance) and 260 and 130 m (hypo-
central distance) from the shot points. Talwani and Acree
(1987) concluded that, conservatively, the epicentral and hy-
pocentral accuracy of earthquakes located within the net-
work was better than 200 and 500 m, respectively.

The solution quality ratings from HYPO71, A-D, of the
hypocenters indicate the general reliability of the solution.
Quality rating A indicates excellent epicenter and a good
focal depth; B indicates good epicenter and fair depth; C
indicates a fair epicenter and poor depth; and D indicates
poor epicenter and poor depth. (For a quantitative explana-
tion, see Lee and Lahr [1972].)

Earthquake activity began three weeks after the start of
reservoir impoundment (Fig. 2). Within the first two months,
through January 1978, 87 earthquakes were located with B
and C qualities (Talwani and Acree, 1987).

The epicentral distance to the nearest station was less
than 5 km (often less than 3 km), and the events were located
by using eight or more phases including three or more S-
wave phases. These parameters suggest that the hypocentral
locations were accurate to better than 1 km, (see, e.g., Gom-
berg et al., 1990). During filling there were minor changes
in the Vp/Vg ratio (1.76 £ 0.02). The differences in com-
puted distances due to differences in V,/V ratio were less
than 3%. For the farthest station with (S-P) equal to about 1
sec, the difference in calculated hypocentral distance is about
+200 m. Thus we conclude that the hypocentral locations
are accurate enough to be used for stress calculations.

For stress calculations we used a subset of the data with
location quality B, standard error of the epicenter (ERH) less
than 1 km, standard error of the focal depth (ERZ) less than
1 km, and root mean square error of time residuals less than
0.1 sec. Fifty-three earthquakes satisfied these criteria (Table
1), of which 46 had ERH less than or equal to 500 m and 41
had ERZ less than or equal to 700 m. These 53 earthquakes
occurred in or very close to the reservoir, and no earthquake
was located in the deepest part of the reservoir (Fig. 1).
Using a method detailed in the next section of this article,
we calculated the total strength change, AS, at the time and
hypocentral location of each earthquake. AS was obtained
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Figure 1.

Shows locations of initial seismicity to January 1978 at Monticello Reservoir.

Insets show the location of the reservoir in south Carolina and the seismic stations used to
locate the earthquakes. Open and solid circles show locations of earthquakes where the
undrained effect due to impoundment of the reservoir resulted in weakening and strength-
ening, respectively. Boxed groups of epicenters and related fault-plane solutions for various
locations are from Talwani and Acree (1987). X shows the location of the earthquake show-
ing the largest strengthening. The stippled area shows the deepest part of the reservoir where
no initial seismicity was observed. W1 shows the location of deep borehole 1.

by first calculating the undrained change in strength, AS,,
and then the change in pore pressure due to diffusion AP,

Calculation of Stress and Strength Changes

Stress Changes due to the Undrained Effect

Boussinesq solutions (Jaeger and Cook, 1969) were
used to calculate elastic stress changes caused by reservoir
impoundment assuming a homogeneous medium. Stress

changes were calculated at each hypocenter due to the water
level in the reservoir at the time of the earthquake. The sur-
face of reservoir was gridded into 55 grid blocks, each on a
1 km X 1 km scale on a 1:24,000 scale topographic map.
The epicenters were then plotted on the topographic map.
Each grid block that contained an earthquake was further
divided into four 0.5 km X 0.5 km blocks. The total stress
change at each hypocenter was obtained by summing the
stress changes due to the water level rise in each grid block.
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Comparison of filling curve of Monticello Reservoir and initial seismicity to

January 1978. Seismicity began about three weeks after the beginning of impoundment.

The sign convention used was positive for compression and
negative for extension.

Figure 3a shows the coordinate system used in our cal-
culations. The elastic stress changes at the hypocenter (x, y,
z) caused by an average water level increase (Ah) over a
surface area (A) within each grid (A =< 1 km?) due to res-
ervoir impoundment were calculated using the following
equations for a point load (Jaeger and Cook, 1969):
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where p = pgAhA,

r= (& + y* + )" is the distance from the hypocenter
to the center of mass, o,,, g,,, and g, are normal compo-
nents, 7,,, T,, and 7,, are shear components of the stress
changes at the hypocenter, p is the weight increase of water
due to the water level increase on the grid, p is the density
of water, g is the acceleration due to gravity, A is the surface
area of the part of the grid with water level increase and Ak

is the average water level increase in the grid; A and G are

Lamé constants. Based on the data for the shallow crust near
Monticello Reservoir (V, = 6.2 km/sec, Vp/VS = 1.76, and
density of crustal rocks, pr = 2.7 X 10* kg/m?), we ob-
tained 4 = 3.77 X 10* MPaand G = 3.37 X 10* MPa.

The total stress changes 7,,(T) and 7;(T) were obtained
by summing the contributions of each grid. These values
were used in equations (3) and (4).

The pore pressure change due to the undrained effect
(Skempton, 1954) is

AP, = B&, 3)

where the average normal stress change is 6 = 0;(T)/3, and
B is Skempton’s coefficient; we assume B = (.7 (Talwani
et al., 1999).

To calculate the stresses we needed to identify the fault
planes on which the hypocenters were located. We used ex-
tensive fault-plane solution and borehole and surface data
wherein the geometries of various fractures had been deter-
mined. Talwani and Acree (1987) obtained 22 composite
fault-plane solutions for various clusters of seismicity, and
all of them showed reversed faulting. These varied according
to the depth of the hypocenter and according to their asso-
ciation with the lithology in the area—migmatites, granites,
or gneisses.

The poles of these fault planes were compared with
those of the fractures encountered in the two deep holes
(Seeburger and Zoback, 1982) and those encountered in dif-
ferent lithologies during construction of the Virgil C. Sum-
mer Nuclear Station (South Carolina Electric & Gas Com-
pany, 1977). Excellent agreement between the set of poles
of fractures with those of the nodal planes allowed us to
determine the strike and dip of the focal planes as a function
of their location, depth, and geologic association (Talwani
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Table 1

Focal Parameters of the Earthquakes Used for Stress Calculations
Date Origin Lat N Long W Depth RMS ERH ERZ
Event No. (mmddyy) (hr:min:sec) (34° min) (81° min) (km) My, (sec) (km) (km)
1 122577 12 08 27.18 20.29 18.39 1.41 1.32 0.04 0.20 0.30
2 122677 04 49 44.89 19.68 19.55 1.67 2.33 0.06 0.30 0.60
3 122977 1203 11.34 20.01 19.14 0.41 1.64 0.06 0.20 0.00
4 123177 22 39 55.89 20.01 17.66 1.00 1.18 0.05 0.20 0.30
5 123177 23 38 08.22 19.90 17.84 0.29 0.82 0.05 0.20 0.30
6 010378 01 24 06.56 20.21 18.17 1.43 1.32 0.03 0.20 0.20
7 010378 22 12 46.53 20.21 16.63 0.58 1.44 0.05 0.30 0.60
8 010478 08 26 19.88 19.99 19.17 1.64 1.32 0.06 0.40 0.80
9 010678 14 442273 19.86 19.10 1.07 1.64 0.07 0.30 0.90
10 010678 2103 08.57 20.87 19.07 3.55 1.54 0.05 0.30 0.50
11 010678 22 05 07.25 20.15 19.32 0.39 1.80 0.07 0.20 0.60
12 010778 06 59 19.18 20.01 17.62 2.44 1.18 0.03 0.20 0.40
13 010878 22 12 46.53 20.16 18.98 0.67 1.02 0.05 0.20 0.40
14 010878 22 12 53.57 20.31 19.20 0.28 0.00 0.07 0.30 0.90
15 010978 0358 11.14 20.19 18.88 1.50 1.02 0.07 0.40 0.60
16 010978 12 42 13.63 20.28 19.18 0.25 1.44 0.05 0.00 0.90
17 011078 07 48 40.19 18.74 17.16 2.57 1.09 0.09 0.60 0.90
18 011178 16 28 24.20 20.28 17.35 0.45 2.16 0.04 0.20 0.30
19 011278 04 24 35.54 20.01 18.27 2.02 1.54 0.06 0.40 0.30
20 011378 03 13 49.13 19.80 18.96 1.84 1.32 0.08 0.40 0.70
21 011378 03 59 24.95 20.01 19.09 1.10 1.18 0.04 0.20 0.60
22 011378 22 32 40.80 18.25 17.84 1.78 0.95 0.03 0.20 0.50
23 011478 08 58 18.24 18.47 18.49 2.71 0.95 0.07 0.60 0.70
24 011578 01 18 49.92 20.37 18.76 0.70 1.54 0.05 0.30 0.7
25 011678 12 10 50.62 19.61 17.61 0.49 0.91 0.04 0.60 0.70
26 011778 16 46 54.54 19.36 16.50 0.57 1.18 0.05 0.30 0.90
27 011878 05 14 51.21 19.33 17.34 1.17 1.80 0.08 0.40 0.60
28 011978 14 45 39.15 20.01 17.38 1.00 1.44 0.09 0.50 0.50
29 011978 1525 11.80 20.18 16.66 3.59 1.32 0.07 0.40 0.40
30 012078 16 33 35.50 20.41 17.72 0.53 0.24 0.03 0.70 0.70
31 012178 06 37 51.36 18.57 19.27 431 0.21 0.07 0.30 0.70
32 012178 09 25 51.42 19.56 17.13 1.81 1.46 0.07 0.30 0.60
33 012178 14 18 24.63 20.79 18.84 2.18 1.44 0.07 0.30 0.50
34 012278 01 08 09.28 20.01 18.84 0.05 1.37 0.04 0.30 0.50
35 012278 0136 37.18 19.77 19.59 0.28 0.00 0.08 0.30 0.70
36 012278 03 13 13.38 20.68 19.26 0.14 1.44 0.07 0.30 0.80
37 012278 23 12 28.54 19.82 18.94 1.20 1.44 0.06 0.30 0.70
38 012378 06 41 57.17 20.01 17.63 1.00 1.24 0.05 0.30 0.30
39 012378 13 19 45.06 18.25 17.84 1.76 0.00 0.06 0.20 0.70
40 012478 0026 11.27 20.03 18.70 0.30 1.12 0.09 0.30 0.50
41 012578 08 29 38.70 18.00 17.60 1.91 2.77 0.06 0.30 0.70
42 012578 09 29 26.39 17.79 17.94 1.82 2.37 0.05 0.30 0.80
43 012978 07 14 12.38 20.22 19.27 1.18 1.06 0.05 0.30 0.80
44 012978 17 32 42.29 18.59 19.76 1.83 1.44 0.08 0.30 0.90
45 013078 0136 13.12 21.19 19.75 3.64 0.87 0.06 0.40 0.70
46 013078 03 24 59.32 21.36 20.12 5.24 1.24 0.07 0.60 0.90
47 013078 03 54 29.12 21.34 19.87 541 0.00 0.07 0.60 0.70
48 013078 04 57 51.88 20.19 18.99 2.50 0.95 0.06 0.40 0.40
49 013078 08 21 43.03 21.27 19.70 0.43 1.45 0.04 0.20 0.70
50 013178 03 32 27.63 18.25 18.05 1.84 1.18 0.06 0.40 0.70
51 013178 03 15 25.52 17.93 18.40 0.67 1.62 0.05 0.20 0.60
52 013178 09 56 32.73 18.13 19.93 1.98 0.00 0.05 0.20 0.90
53 013178 16 23 14.79 20.62 16.49 1.96 0.44 0.06 0.40 0.60

and Acree, 1987). The fault-plane solutions for each of the
53 earthquakes in this study were inferred according to the
hypocentral locations and comparison with the fault-plane
solutions of Talwani and Acree (1987). Seven fault-plane
solutions were chosen for these earthquakes (Table 2, Fig.

1). Fault-plane solutions 1 and 5 are for earthquakes whose
hypocenters are in granitic rocks, 2 for earthquakes in
gneisses, 4 are for earthquakes in the southern part of the
reservoir in migmatites, granites, and gneisses, and 3 and 7
are for earthquakes in migmatites. The single event X, as-
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Figure 3. (a) Coordinate system used in
stress calculations. Mean water-level changes
(Ah) over a surface area A(A = 1 km?) result
in stress changes Ao, and At at the hypocenter
(solid dot (x, y, z)) on the fault plane. (b) Sche-
matic figure to show the parameters used in
calculating the effect of pore pressure diffu-
sion. The filling curve is shown schematically
on the left. At any time 7, the lake level has
increased /; and results in an increase in pore
pressure at the bottom of the reservoir, (at level
AA'). Ri are the shortest distances to the hy-
pocenter at times #i.
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Table 2
Attitudes of the Nodal Planes

Solution Fault Plane Auxiliary Plane
Number Strike (°) Dip (°) Strike (°) Dip ()
! No2w 69W N38W 24E
2 NI17W 60E N28E 40W
3 N26W 43W N35W SONE
4 NO3E 60E N56W 48W
5 NISE 60W N41W 48E
6 NO6W 62E NS 28W
7 N59W 48SW N52W 42NE

sociated with fault-plane solution 6, was shallow (<1 km)
and located in migmatite, whereas the nearby events asso-
ciated with fault-plane solution 4 were deeper than 1 km.

Next, for each earthquake, all stress components were
projected on each of the inferred fault planes. The total x, y,
and z components of the stress change across the fault plane
are given by (Jaeger and Cook, 1969)

Hypocenter

Ao (T)=10,.(T)+mzt, (T)+nt,(T),
Aoy (T)=mo,,(T)+It,,(T)+nt,,(T), 4)
Ao (T)=no,(T)+mt,(T)+It, (T),

where [, m, n are the direction cosines of the normals to the

fault plane. The normal and the shear stresses across the fault
plane (Fig. 3a) are given by (Jaeger and Cook, 1969)

Ac, =IAc (T)+mAc (T)+nAc.(T), (5a)

and

At = i\/(AO'X (T) +Ac,(T) +Ac (T))—-Ao;, (5b)

where At is positive when the shear stress favors faulting.
The calculated values for Ag, and At for each event are
listed in Table 3.
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Table 3
Results of Calculation of Strength Changes

Event  Water Level C = 0.5 m%/sec C = 2 m%/sec C = 5 m?/sec
No. (m) AP, (MP2) FPSNo. Ao, (MPa) At (MPa) AS, (MPa) APy (MPa) AS(MPa) APy (MPa)  AS (MPa) APy (MPa)  AS (MPa)
1 14.34 0.014 3 0.013 —-0.026 0.025 0.014 0.014 0.048 —0.011 0.0772 —0.029
2 14.34 0.014 3 0.012  —0.024 0.023 0.010 0.015 0.043 -0.010 0.070 -0.029
3 14.64 0.021 3 —0.011 0.016  —0.040 0.081 —0.101 0.111 —-0.123 0.123 —0.132
4 15.86 0.009 1 0.003 0.010 —0.015 0.038 —0.043 0.083 -0.077 0.105 —0.093
5 15.86 0.049 1 0.005 0.071 —0.104 0.085 —0.168 0.114 —0.190 0.126 —-0.199
6 18.30 0.017 1 0.023 —0.033 0.037 0.031 0.014 0.081 —-0.024 0.110 —0.045
7 18.30 0.006 1 —0.001 0.002  —0.007 0.032 —0.031 0.084 —0.069 0.112 —0.091
8 18.30 0.022 3 0.044  —0.050 0.067 0.022 0.050 0.071 0.014 0.102 —-0.010
9 18.61 0.033 2 0.095 —0.070 0.117 0.058 0.074 0.108 0.036 0.132 0.018
10 18.61 0.005 3 0.008 —0.011 0.014 0.001 0.013 0.025 —0.005 0.058 —-0.030
11 18.61 0.022 3 0.012 0.024  —0.032 0.111 —0.115 0.143 —-0.139 0.155 —0.149
12 18.91 0.012 1 0.038 —0.024 0.044 0.010 0.036 0.054 0.003 0.090 —-0.023
13 19.52 0.026 3 0.023 0.030 —0.031 0.093 —0.101 0.135 —-0.132 0.153 —0.146
14 19.52 0.034 3 0.038 —0.039 0.041 0.134 —0.060 0.160 -0.079 0.169 —0.086
15 19.83 0.028 3 0.036  —0.056 0.062 0.043 0.030 0.098 —0.011 0.127 —0.033
16 20.13 0.035 3 0.039 —0.040 0.043 0.152 —-0.071 0.172 —0.086 0.179 —0.091
17 20.74 0.011 4 0.049 —-0.012 0.040 0.010 0.033 0.056 —0.002 0.093 —0.030
18 21.05 0.012 7 0.000 0.005 —0.014 0.088 -0.079 0.140 -0.119 0.163 —-0.136
19 21.35 0.022 1 0.044  —0.043 0.060 0.026 0.040 0.083 —0.003 0.119 —0.030
20 21.96 0.027 2 0.083 —0.058 0.100 0.033 0.076 0.093 0.031 0.129 0.004
21 21.96 0.035 3 0.020  —0.052 0.040 0.077 -0.017 0.132 —-0.059 0.159 -0.079
22 22.88 0.018 4 0.065 —0.028 0.064 0.036 0.036 0.096 —0.009 0.132 —0.035
23 22.88 0.019 4 0.073 —0.031 0.072 0.012 0.063 0.062 0.025 0.103 —0.005
24 23.49 0.048 3 0.030 —0.068 0.054 0.123 —0.038 0.168 —0.071 0.187 —0.086
25 24.10 0.037 1 0.026 0.040 —0.049 0.150 —0.161 0.187 —-0.189 0.202 —-0.200
26 24.10 0.013 1 0.002 0.010 —0.019 0.115 —0.105 0.169 —0.146 0.192 —0.163
27 24.40 0.025 1 0.028 —0.043 0.045 0.080 —-0.015 0.144 —0.063 0.175 —0.086
28 24.71 0.019 1 0.008 0.021 —-0.029 0.084 —0.092 0.151 —0.143 0.183 —0.166
29 24.71 0.010 1 0.015 —0.023 0.027 0.003 0.025 0.039 —0.003 0.083 —0.036
30 25.01 0.031 7 0.013 —-0.036 0.021 0.152 —0.092 0.194 —-0.123 0.211 —0.136
31 25.32 0.011 4 0.036  —0.022 0.041 0.002 0.040 0.035 0.015 0.079 —-0.019
32 25.32 0.018 1 0.020 —0.032 0.033 0.047 —0.002 0.118 —0.055 0.158 —0.085
33 25.32 0.017 1 0.030  —0.037 0.046 0.026 0.027 0.095 —0.025 0.139 —0.058
34 25.62 0.013 3 0.019 0.021 —-0.017 0.231 —0.190 0.239 —-0.196 0.241 —0.198
35 25.62 0.035 3 0.078 0.055 —0.022 0.185 —0.161 0.215 —0.183 0.226 —-0.192
36 25.62 0.042 3 0.005 0.041 —0.069 0.220 —0.234 0.233 —0.244 0.238 —0.248
37 2593 0.050 2 0.042  —0.089 0.083 0.094 0.012 0.158 —0.036 0.188 —-0.058
38 25.93 0.026 1 0.016 0.032 —0.039 0.106 —-0.119 0.169 —0.166 0.197 —0.187
39 26.23 0.022 4 0.077 —0.035 0.076 0.057 0.034 0.129 -0.020 0.167 —0.049
40 26.84 0.068 3 0.035 0.086 —0.111 0.198 —-0.259 0.229 —0.282 0.240 —0.291
41 27.76 0.015 4 0.051 —0.026 0.053 0.048 0.017 0.121 —0.038 0.162 —0.068
42 27.76 0.014 6 0.038 —0.029 0.047 0.048 0.011 0.124 —0.046 0.166 —0.078
43 28.37 0.052 3 0.078 —0.104 0.123 0.113 0.039 0.184 -0.015 0.217 —0.040
44 28.67 0.028 4 0.103 —0.038 0.095 0.064 0.047 0.143 —0.013 0.187 —0.045
45 28.98 0.012 5 0.013 —0.023 0.024 0.008 0.018 0.066 —0.025 0.120 —0.066
46 28.98 0.008 5 0.011 —0.017 0.019 0.001 0.019 0.029 —0.002 0.077 —0.038
47 28.98 0.007 5 0.009 -0.016 0.018 0.001 0.017 0.026 —0.002 0.073 —-0.037
48 28.98 0.025 3 0.027 —0.050 0.051 0.033 0.027 0.110 —0.031 0.161 —0.069
49 28.98 0.020 5 0.011 0.006 —0.012 0.178 —0.146 0.230 —0.185 0.250 —-0.200
50 29.28 0.030 4 0.106  —0.048 0.105 0.068 0.054 0.149 —0.007 0.193 —0.040
51 29.28 0.082 4 0.223 —0.158 0.264 0.179 0.129 0.230 0.091 0.251 0.075
52 29.28 0.018 4 0.060  —0.032 0.063 0.055 0.022 0.136 —0.039 0.183 —-0.074
53 29.28 0.008 1 —0.001 0.002 —0.008 0.019 —0.023 0.094 —-0.079 0.150 —-0.121

The first two columns identify the event number and lake level at the time of the earthquake. Column 3 was obtained from equations (2) and (3). The
fault-plane-solution number corresponds to Table 2. Columns 5, 6, and 7 were obtained from Equations (4), (5) and (1c). APy was calculated for three
values of C from equation 6 (columns 8, 10, and 12) and the corresponding changes in total strength from equation la (columns 9, 11, and 13).
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Pore Pressure Increase due to Diffusion, APd,ﬁ-

Impoundment of Monticello Reservoir was achieved by
pumping water from a downstream reservoir. The water-
level curve from the start of pumping to the end of January
1978 is shown in Figure 2. The water-level rise results in
increasing pore pressures at the bottom of the reservoir.
These additional pore pressures diffuse to the hypocenter
according to the pore pressure diffusion equation. Because
the increase in pore pressure corresponding to increase in
lake level, h;, is the same at any level within the reservoir,
to calculate AP, we took the shortest distance to the hy-
pocenter from the reservoir, R;, (Fig. 3b). With the filling of
hitherto unsubmerged areas, the location of surface area un-
der water increases, and the shortest distance to the hypo-
center, R; decreases (Fig. 3b).

Figure 3b illustrates the parameters used in the calcu-
lation of AP, at the hypocenter at the time of the earth-
quake. The filling curve is shown schematically on the left,
where h; represents the daily water-level increase. For ex-
ample, at time ¢, the water level had increased by &, over
the initial level, and at time ¢,, the water level had gone up
h, above the level at time 7;,. Water levels at different times,
t;, are shown on the right. AA’ represents the elevation of
the bottom of the reservoir, and R; are the shortest distances
from the hypocenter to the filled part of the reservoir at times
t,. The distances, R;, are of the order of a few kilometers,
and as the total height of the fully impounded reservoir is
about 30 m, we approximate the distances R; with distances
from the hypocenter up to the level AA’. The increase in
pore pressure at the level AA’ at time ¢, is due to a head of
water with height £,. It diffuses to the hypocenter at a dis-
tance R, away, where it reaches after some time delay. At
time #, there is an additional pore pressure due to the added
height of the water, &,. It too diffuses to the hypocenter, but
now the shortest distance is R,. So after some time delay,
the pore pressure at the hypocenter further increases due to
the increased head at #,. Therefore, the increase in pore pres-
sure at the hypocenter at any time is the sum of the increases
in pore pressures (by diffusion) corresponding to earlier in-
cremental increases in the lake level.

Both surface and borehole data (South Carolina Electric
& Gas Company, 1977; Seeburger and Zoback, 1982) attest
to the presence of isolated regions of well developed frac-
tures in the crystalline rocks. These fractures follow well
developed foliation planes. Based on our experience at Bad
Creek Reservoir, in similar metamorphic crystalline rocks
(Talwani et al., 1999) and at other locations, (e.g., the KTB
hole) (Kessels and Kiick, 1995), long-term hydraulic behav-
ior of inclined plane fractures can be sufficiently accurately
calculated by using a one-dimensional model.

The cumulative pore pressure increase at the hypocenter
at the time of the earthquake was calculated using the so-
Iution of the one-dimensional radial diffusion equation mod-
ified from Rajendran and Talwani (1992):
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i=N R
APy = 1—erf . AP), 6
i 21 (2 Tm,} (AP)) (6)

where C is the hydraulic diffusivity, and for various cases
of RIS, it lies between 0.1 and 10 m%/sec (Talwani and Acree,
1984; Talwani and Chen, 1998); AP, = pgh; and h; is water
level increase on the ith day, At is the time elapsed between
the time of that water level increase and the time of earth-
quake, N is the total number of days between the start of
reservoir impoundment and the time of earthquake.

Strength Change

The undrained change in strength, AS,, and the total
change in strength, AS, were calculated from equations (1c)
and (la), respectively. The calculations involved the follow-
ing steps. The undrained (instantaneous) change in the stress
at the hypocenter was due to the load of the whole reservoir.
The stress changes Ag, and At at the hypocenter were ob-
tained by dividing the reservoir into grid blocks and adding
the contribution of each block to Ag, and Az at the hypo-
center (equations 5a, b). The instantaneous undrained pore
pressure change, AP, at the hypocenter in response to the
load was calculated from equation (3). These values of Aa,,
and At and AP, were used in equation (lc) to obtain AS,,.
Following Byerlee (1978), u = 0.75 was assumed.

The change in pore pressure at the hypocenter by dif-
fusion, AP, was the delayed response to the increases in
pore pressure at the bottom of the reservoir due to the in-
creasing lake levels, h;. In calculating AP, (equation 6), the
hydraulic diffusivity was unknown. We calculated AP, for
nine different values of C ranging between 0.1 m%sec and
10 m*/sec. This range covers the observed range of C for
cases of induced seismicity (Talwani and Acree, 1984; Tal-
wani and Chen, 1998). Of these nine sets of calculations we
show the results obtained by using C = 0.5 m%sec, 2 m%/
sec, and 5 m*/sec. The calculated pore pressure change due
to diffusion at the time of the earthquake AP, (from equa-
tion 6) was added to the undrained change in pore pressure,
AP,, from equation (3) to obtain the total change in pore
pressure, AP (equation 1b), which was then used in equation
(1a) to obtain the total (combined) change in strength AS.

Sample Calculation

We illustrate our methodology with a sample calcula-
tion of AS, and AS for event 20, which occurred on 13 Jan-
uary 1978 at 03 hr 13 min 49.13 sec. At that time the lake
level had risen about 22 m since impoundment started, and
the water level increased in 34 of the grid blocks. To obtain
the stress components for each grid block, we substituted the
mean water-level increase Ah, surface area A, and hypocen-
tral distance r in equation (2) (Appendix I). The total con-
tribution of all the grids gave o, (T) = 0.007 MPa, a,(T)
= 0.020 MPa, o,(T) = 0.091 MPa, 7,(T) = 0.016 MPa,
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T(T) = 0.032 MPa, and 7,,(T) = 0.045 MPa. Assuming
B = 0.7, from equation (3) we then obtain AP, = 0.027
MPa (Table 3).

We next calculated the undrained elastic loading effect
at the hypocenter for this event on the specific fault plane.
Based on its hypocentral location, this event was inferred to
be associated with fault-plane solution 2, and the inferred
fault plane had a strike of N17°W and a dip of 60°E (Table
2). The direction cosines of the fault plane are [ = 0.47,
m = —0.15, and n = 0.87. From equations 4, 5a, and 5b,
we get Ag, = 0.083 MPa and At = —0.058 MPa. Since
the increase in vertical normal stress was much greater than
that in the horizontal stresses (Appendix I), the increase of
shear stress was not in favor of failure, so we assigned the
change in shear stress At (equation 5b) a negative value.
Assuming 4 = 0.75 (Byerlee, 1978), from equation (lc),
we get AS, = 0.100 MPa (Table 3).

Finally, we determined the pore pressure changes at the
time and location of the event due to diffusion of pore pres-
sure. The time delay between the start of impoundment and
the time of the earthquake is 41 days, of which there were
26 days when there was an increase in the water level (h; >
0). The pore pressure increase at the hypocenter of the event
due to each of these 26 increases was calculated using equa-
tion (6) for nine different hydraulic diffusivity values, and
the results for three values are shown (Appendix II). The
sum of all 26 step increases for different values of C were
used to get AP, (Table 3). The total change due to both the
undrained effect and drained effect, AS, for each value of C
was calculated using Coulomb’s law, equation (1a), and the
results are listed in Table 3.

Results

Figure 4 compares the instantaneous (or undrained)
changes in strength associated with reservoir impoundment,
AS,,, with total changes in strength due to the combined un-
drained and diffusion effects, AS. Of the 53 earthquakes un-
drained, elastic loading resulted in weakening for 17, of
which 16 had a depth less than or equal to 1 km (Fig. 4a).
Of these 17, only 7 were below the spreading lake waters at
the time of the earthquakes. Except for three very shallow
events with z less than 400 m, the magnitude of weakening
is less than or equal to 0.05 MPa. Of the 36 events that
showed strengthening due to loading, 31 were = 1 km deep.
The magnitude of strengthening is about 0.25 MPa or less.
Thus, seismicity associated with the undrained elastic load-
ing effect of impoundment can at best account for only the
shallow (<1 km deep) earthquakes at Monticello Reservoir.
An absence of initial seismicity below the deepest part of
the Monticello Reservoir (Fig. 1) further attests to the
strengthening effect of loading. (Earthquakes beneath the
deepest part of the reservoir did not occur until 1985 [Tal-
wani and Acree, 1987]).

L. Chen and P. Talwani

We calculated the hydrostatic restoring stress due to
flexure caused by the loading of the reservoir, g,,, which is
given by

w?

oy =(pr — P)gW,, (7

where pp and p are the densities of rock and water, and W,
is the flexure corresponding to the load of water (Turcotte
and Schubert, 1982). For Monticello Reservoir, the maxi-
mum flexure corresponding to about 30 m of water is 0.01
m, and the calculated stress due to flexure below the deepest
part of the reservoir is 0.0002 MPa. It is even lower outside
the reservoir. Thus the stress changes due to flexure do not
contribute to the seismicity. We thus conclude that an in-
crease in pore pressure by diffusion accounts for the greater
bulk of observed seismicity.

Such an effect is illustrated by calculating the total
changes in strength, AS, that incorporate both the undrained
elastic loading and pore pressure diffusion effects for three
values of hydraulic diffusivity (Fig. 4b—d). Weakening in-
creases with an increase in hydraulic diffusivity, C. For C
= 5 m?/sec, weakening predominates. This value is at the
high end of seismogenic diffusivity (0.1 to 10 m*/sec) found
to be characteristic of cases of induced seismicity (Talwani
and Chen, 1998). The maximum weakening, about 0.3 MPa,
is associated with a shallow event (z =~ 0.4 km) and 0.1 MPa
for the deeper events (z = 1 km). We can estimate the per-
meability, k, of the fractures from the inferred value of hy-
draulic diffusivity, C, following Bodvarsson (1970):

k=Cvigp; +(1-¢)B,]1.

Assuming a porosity, ¢ = 3 X 107 ?; viscosity of water at
hypocenter, v = 0.5 X 1073 Pa (s) (Weast, 1987); com-
pressibility of fluid, f; = 4.6 X 10~ '°Pa~", and compress-
ibility of rock, f, = 2 X 107'' Pa~! (Talwani and Acree,
1984; Talwani et al., 1999), a diffusivity value, C = 5 m?%/
sec corresponds to a permeability, k = 5 X 107" m? (50
mD).

Since most of the seismicity was shallow and at rela-
tively small hypocentral distances from the reservoir, we
tested the effect of location accuracy on our results. We cal-
culated AS,, for the given depth, Z, and for Z + ERZ for all
53 events. The changes in AS,, varied from less than 0.005
MPa to 0.06 MPa. We also calculated changes in AS,, for
epicentral inaccuracies of five representative events by per-
turbing the location by ERH in north, south, east, and west
directions. The changes in AS,, varied from about 0.02 MPa
to 0.06 MPa. But, importantly, these calculations showed
that at most of the hypocenters, impoundment of the reser-
voir led to strengthening, and only after there was an in-
crease in pore pressure by diffusion did we get weakening.
In other words, inaccuracies in the hypocentral locations did
not alter the main observation; the effect of undrained elastic
loading was strengthening at most hypocentral locations.
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Comparison of (a) undrained strength changes, AS, (Fig. 4a), with cou-

pled poroelastic strength changes, AS for C = (b) 0.5, (¢) 2, and (d) 5 m?/sec. Open
circles are events that show weakening due to undrained effect, whose locations are
shown in Figure 1. These events may or may not have been triggered by elastic loading
and the resultant increase in undrained pore pressure (AS,); the faults on which they
occurred were subsequently further weakened by the process of pore pressure diffusion.
Weakening for all events increases with increasing diffusivity, C. X shows the earth-

quake with largest strengthening.

Discussion and Conclusions

Earlier studies investigated elastic (undrained) stress
changes due to reservoir impoundment at Lake Kariba
(Gough and Gough, 1970) and at Lake Oroville (Beck,
1976). In both studies, the authors calculated only the elastic
stress changes and not the changes in pore pressure due to
Skempton’s effect. In their theoretical analysis of stress and
strength changes due to reservoir impoundment, Bell and
Nur (1978) considered both elastic stress and pore pressure
changes due to diffusion. They found that the magnitude of
strength change due to reservoir impoundment varied with
assumed permeability values and the location of permeabil-
ity contrast. In their heuristic study, Simpson et al. (1988)
considered both elastic (undrained) and diffusion effects to

explain RIS. They ascribed initial seismicity at some shallow
reservoirs, including the Monticello Reservoir, to the elastic
(undrained) effect only.

The installation of a seismic network prior to impound-
ment and detailed complementary geological, borehole, and
geophysical studies at Monticello Reservoir (Talwani and
Acree, 1987) provided a unique data set to study the nature
of the initial seismicity that followed impoundment. The de-
velopment of a five-layer velocity model ensured accurate
hypocentral locations. Using detailed information regarding
filling history, focal mechanisms, and geology of the area,
we calculated changes in strength AS, and AS at the hypo-
centers for 53 well-located events. Our results can be sum-
marized as follows:



1592

1. Strength changes less than or equal to 0.1 MPa are
enough to trigger RIS, which indicates that a large part
of the crust beneath the reservoir area was in a state near
critical failure before the reservoir was impounded. Our
observation supports the suggestion of self-organized
criticality, which claims that large parts of crust are very
near the state of critical failure, so that small outside
stress perturbations can trigger failure (Grasso and Sor-
nette, 1998).

2. Changes in the undrained stress due to the combination
of elastic loading and the concurrent increase in pore
pressure due to this load on the undrained crustal rocks,
can explain, at best, a small fraction of the initial seis-
micity.

3. The vast bulk of Reservoir Induced Seismicity at Mon-
ticello Reservoir is primarily associated with the diffu-
sion of pore pressure.

4. The inferred diffusivity values, C = 5 m?%/sec, correspond
to permeability, k = 5 X 10~ '* m? (50 mD). These
values are in agreement with an earlier estimate of per-
meability for Monticello Reservoir (Talwani and Acree,
1984) and with the inferred range of seismogenic per-
meability (Talwani and Chen, 1998).
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Appendix |

The elastic (undrained) stress changes at the hypocenter
of event 20 due to water-level change in each grid block
were calculated using equation (2). The sum of the stress
components for all the blocks gave the components of the
total stress change.

Appendix II

Pore pressure increase due to diffusion at the hypocenter
of event 20 was calculated for increase in water level at each
day before the event (Table A2). The sum of pore pressure
increase over the 26-step water-level increase was used to
calculate AS.

Table Al
Changes in Elastic (Undrained) Stress Components due to the Loading of Each Grid Block
Block No. Ah (m) A (km?) r (km) axx ayy 072 ™y T™XZ TyVZ

5 7.63 0.15 5.85 0.11 0.26 0.05 0.06 0.02 0.15

6 4.58 0.10 5.99 0.04 0.10 0.02 0.01 0.00 0.05

9 4.58 0.05 4.61 0.03 0.12 0.03 0.02 0.01 0.08
10 9.15 0.45 4.98 0.45 1.60 0.39 0.27 0.11 0.98
13 12.20 0.70 4.06 0.94 6.11 2.26 0.96 0.49 4.42
14 7.63 0.25 4.14 0.21 1.31 0.46 0.15 0.08 0.93
16 9.15 0.20 3.40 0.47 1.75 1.17 1.08 0.76 1.66
17 13.73 0.90 3.22 1.12 15.46 10.37 3.98 2.82 14.66
18 10.68 0.20 3.04 0.08 3.08 241 0.51 0.39 3.14
20 7.63 0.15 2.78 0.61 1.29 2.05 1.24 1.34 1.89
21 16.78 0.70 3.05 0.64 16.60 13.01 3.69 2.83 16.96
22 16.78 0.90 2.49 —0.12 25.48 46.23 10.93 12.57 40.20
23 13.73 0.25 2.71 243 3.33 6.94 4.00 491 5.66
24 4.58 0.05 2.23 0.36 —0.05 1.29 0.18 0.84 0.28
25 10.68 0.40 1.97 —0.61 —0.61 41.98 3.10 11.41 11.41
26 16.78 0.90 1.97 —2.14 —2.14 148.42 10.97 40.35 40.33
27 10.68 0.75 2.37 13.07 —0.30 32.05 6.63 24.40 8.71
28 4.58 1.00 2.93 0.13 0.01 0.12 0.05 0.15 0.04
29 13.73 0.15 2.16 2.89 —0.70 12.77 1.25 7.64 2.08
30 16.78 0.80 1.97 —191 —191 131.93 9.75 35.87 35.85
31 19.83 1.00 1.97 —2.81 —2.81 194.89 14.40 52.99 52.96
32 13.73 0.60 243 13.69 —0.18 28.67 6.35 23.38 7.79
33 13.73 0.40 2.97 8.12 0.24 6.92 1.88 8.66 1.50
34 19.83 0.85 2.35 —-2.19 27.81 68.13 11.28 14.82 51.84
35 19.83 1.00 2.37 —0.74 31.94 78.31 16.20 21.29 59.58
36 18.30 1.00 2.76 16.25 14.00 33.67 20.90 27.46 25.62
37 12.20 0.50 3.29 5.92 1.97 4.62 4.26 6.03 3.26
38 19.83 0.75 3.05 0.75 19.40 15.20 4.31 3.31 19.83
39 15.25 0.95 3.10 1.95 18.77 14.71 7.30 5.60 19.18
40 13.73 0.80 3.38 4.12 9.43 7.33 7.80 5.98 9.56
41 7.63 0.05 3.88 0.06 0.08 0.05 0.08 0.06 0.07
42 13.73 0.20 3.61 0.24 2.71 1.31 0.24 0.14 2.21
43 10.68 0.25 3.61 0.24 2.65 1.28 0.23 0.14 2.16
44 7.63 0.20 4.03 0.40 0.88 0.42 0.69 0.41 0.71

Total 65 198 909 155 317 446

All stress components in MPa X 107%.
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Table A2

L. Chen and P. Talwani

Pore Pressure Increases due to Diffusion at the Hypocenter for Different Hydraulic Diffusivities Caused by the Reservoir
Water-Level Changes Each Day

(APg); (MPa X 107%)

i h; (m) t; (days) R; (km) C = 0.5 m%/sec C = 2 m%sec C = 5 m?/sec
1 0.61 41 1.91 18.44 36.71 4491
2 1.22 40 1.91 36.16 72.88 89.46
9 0.30 33 1.91 7.63 17.14 21.62

10 0.91 32 1.91 22.23 50.89 64.50

11 1.22 31 1.91 28.72 67.11 85.47

12 1.52 30 1.88 35.63 83.65 106.68

13 1.52 29 1.88 34.41 82.64 105.97

14 1.22 28 1.88 26.54 65.26 84.18

18 0.61 24 1.86 11.40 30.97 40.91

19 0.91 23 1.86 16.25 45.64 60.79

20 1.22 22 1.86 20.48 59.70 80.22

21 1.22 21 1.85 19.64 58.87 79.62

22 1.22 20 1.85 18.39 57.58 78.68

23 0.91 19 1.85 12.83 42.16 58.26

28 0.30 14 1.85 2.58 11.93 17.81

29 0.91 13 1.85 6.71 34.19 52.19

30 0.61 12 1.85 3.78 21.63 33.87

31 0.91 11 1.85 4.66 30.54 49.25

32 0.61 10 1.85 2.45 18.96 31.66

35 0.30 7 1.85 0.41 6.88 13.49

36 0.61 6 1.85 0.45 11.60 24.84

37 0.61 5 1.85 0.19 9.20 22.22

38 0.61 4 1.84 0.06 6.65 19.09

39 0.61 3 1.84 0.01 3.85 14.87

40 0.30 2 1.84 5.54E—5 0.66 4.65

41 0.30 1 1.84 2.04E—10 0.03 1.26

Sum 330 930 1285
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