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PREFACE

This report is part of ongoing work at the U. S. Army Engineer
Waterways Experiment Station (WES) in Civil Works Investigation Studies,
"Seismic Effects of Reservoir Loading and Fluid Injection," sponsored
by the Office, Chief of Engineers (OCE).

General direction was by Mr. James P. Sale, Chief, Soils and
Pavements Laborator~. COL John L. Cannon, CE, and Mr. F. R. Brown were
Director and Technical Director, respectively, of WES during the period

of this study.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (ST)
UNITS OF MEASUREMENT

U. 8. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

i Multiply By To Obtain
f feet, 0.3048 metres
miles (U. S. statute) 1.6093LL kilometres
{ acre-feet 1233.482 cubic metres
E feet per day 0.30k48 metres per day
i

5
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RESERVOIRS AND INDUCED SEISMICITY AT

CORPS OF ENGINEFRS PROJECTS

PART I: INTRODUCTION

1. The U. S. Army Corps of Fngineers (CE) has prime responsibil-
ity for flood control in the United States. Thus, they have constructed
a large number of dams with small to very large reservoirs. The res-
ervoirs store excess water, which is later released as necessary. Con-
sequently, the levels of flood control reservoirs fluctuate greatly.
Sometimes there are pools for power, irrigation and water supply, navi-
gation, and recreation. Where power is generated, allowable fluctua-~
tions are restricted. The larger reservoirs of the Corps serve mostly
a dual purpose, principally flood control and power.

2. A "large" reservoir is defined by the National Academy of
Sciencesl as a reservoir with 1,000,000 or more acre-ft* (1233.5 x 106
m3) of water, usually impounded by a dam 300 ft (91.44 m) or greater
in height. The Corps has four such dams: Abiquiu, Dworshak, Libby,
and Pine Flat. A fifth, New Melones, is under construction. These
dams are listed in Table 1, which includes all CE dams higher than
200 ft (60.96 m) and with reservoirs greater than 1,000,000 acre-ft
(1233.5 x 10° w7}, Table 1 includes 19 dams that are between 200 ft
(60.96 m) and 300 ft (01.4hk m) in height and have reservoirs greater

than 1,000,000 acre-ft (1233.5 x 106 m3).

Locations of the dams are
shown in Figure 1.
3. Table 2 lists 10 additional CE dams that are greater than
91.L4 m high but with reservoirs that are less than 1232.5 x 106 m3.
L. Table 3 lists all CE reservoirs that have been instrumented
to record microearthquakes that might be the result of induced seis-

micity from reservoir loading. There are 13 such reservoirs, counting

¥ A table of factors for converting U. S. customary units of measure-

)

ment to metric (SI) units is presented on page 3.
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Dickey-Lincoln School as one reservoir for monitoring purposes. I

tions of the reservoirs are shown in Figure 1. Three of them (Dworshak,

e ———

Libby, and New Melones) are large by the National Academy of Sciences
definition.

S. A compilation of the above-mentioned dams and reservoirs in
terms of seismic risk zones is presented in Table 4. The seismic risk
zones are basically those from Algermissen.2 As can be seen in the

table, instrumented reservoirs are found in each of zones 0 to . d.e.

P e e

from areas of no earthquakes to areas of frequent mejor earthquakes.
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PART 11 ) IMINARY APPRAISAL OF RESE I I
Survey of Felt Earthquakes
Ve A = 1 S r o, Pey % - o] i e r i . P
0, A preliminary assessmen the ¢ ects ol reservol 1 ng
was made by contacting Corps personnel responsible for the various res-

ervoir and dam projects.

{. The survey of available information indicates that in only

one instance (Clark Hill Dam, 19TL4) has a felt earthquake occurred at
a CE reservoir. This applies to projects located in both seismic =znd

nonseismic areas.

Reservoir Fluctuations 1

0. The survey included some cases where unusually heavy rainfall

caused rapid filling of the reservoir. For example, a severe storm in
March 1952 caused over 4,000,000 acre-ft of water to be stored in the
reservoir at Wolf Creek Dam in a week or two. At the same time, over
2,000,000 acre-ft were added to the reservoir at Dale Hollow Dam, about
20 miles away. Another similar case of rapid reservoir filling occurred
at Center Hill Dam in 1949 when about 1,330,000 acre-ft of water were

~r

suddenly added to the reservoir. In the spring of 1972 the reservoir

ny /

ft/day), and the res-

=

at Libby Dam rose about 250 ft in 4 months (2.

ervoir at Cougar Dam rose about 290 ft in T7-1/2 months (1.3 ft/day).

Similar rises have occurred at other reservoirs. Tables 1 to 3 show

the contrasts that can exist between minimum and maximum reservoir
volumes. Large reservoir fluctuations should be favorable for occur-

)]

rence of reservoir-induced earthquakes, but at none of the projects

b < {
.
with extreme reservoir changes did a perceptible earthquake occur. [
4
Clark Hill Reservoir ;' 3
i 3
i3
9. The single felt earthquake located in close proximity to a :

CE reservoir was the 2 August 1974 South Carolina earthquake at the
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Clark Hill Eeservoir.3 The local magnitude (VL) was 4.3. The epicen-
tral area (see Figure 2) was within a few kilometres of the northern
part of the reservoir. The only other felt earthquake of record in

this area had a Modified Mercalli (MM) intensity of VI and occurred

near Lincolnton, Georgia, on 1 November 1875 (see Coffman and von Hake ).

10. Lincolnton is about 15 km from the epicentral area of the
1974 event (see Figure 2 for locations). The Clark Hill Reservoir had

been impounded since 1953, or 21 years before the 1974 earthquake oc-

curred. This long time interval between impoundment and the earthquake

is not typical of reservoir-induced earthquakes. Thus, a relation be-
tween the reservoir and this earthquake is not evident and appears
unlikely. The occurrence of the Lincolnton earthquake suggests that

1974 earthquake might have happened were the reservoir not there.

Microearthquake Monitoring at CE Projects

1l. Reservoirs of the Corps with programs for microearthquake
monitoring are listed in Table 3. Microearthquakes are events with
magnitudes less than 3.5 and are detected only by instruments.

12. Data from instrumented sites can be studied for a variety

purposes in addition to determining reservoir effects. They can be

processed to delineate fault planes, to identify centers of activity and

subsequent movements of activity along fault planes, and to determine
focal mechanisms. The installation at Bear Creek, Colorado, may be of
special interest, since the reservoir will inundate a known active

fault, as evidenced from epicenter locations determined from small

earthquakes. It is expected that monitoring during filling of reser-

voirs will enable the Corps to respond effectively should evidence point

to a marked ‘increase in seismicity. Also, such data may be useful for

developing remedial measures that are speculative at present.

&
13. Patrick” made a detailed review of microearthquake monitoring

at CE reservoirs. The CE experience can be summarized as follows:

1, Reservoirs without observed micruearthquakes.

1\ At - . . .
(1) Carters. DMNo local seismicity.

-0
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(2) Chatfield and Bear Creek. Chatfield: pool not yet
established. Rear Creek: under construction, n
positive microearthquakes; some possible.

(3) Cochiti. No local seismicity.
(4) Dickey-Lincoln School. Proposed project. Not yet

under construction., Stations beginning to operate.

3 (5) New Melones. Under construction. Three years of
E monitoring show no local events.

(6) Paintsville. Preconstruction observations. Results
indeterminate.

i (7) Richard B. Russell. Under construction. Station
not yet operating.

(8) Tocks Island. Abandoned project. Preliminary
observations. Few questionable events.

b. Reservoirs with local microearthguakes:

(1) Clark Hill. Short intervals of cobservations by g

Professors L. T. Long of Georgia Institute of Tech-
nology and Pradeep Talwani of the University of

South Carolina have revealed local microearthquakes.

i The seismicity may or may not be relatable to local
fault trends. A relation between seismicity and

3 reservoir levels has been postulated (see malwanig)
| but the period of observation is insufficient to

permit specific conclusions.

(2) Libby and Dworshak. Monitored before filling of
reservoirs and after filling in 1971-72 until the
present. Numerous microearthquakes. TNo relation
of seismicity to reservoir conditions.

B ; (3) Warm Springs. Under construction. No pool. Nu-
1 b merous microearthquakes: 293 between 1 January 197k
> and 17 August 1975. Highly seismic area.

. 14. TFort Peck Reservoir was never instrumented for microearth-

quake activity; however, data accumulated in 1966 to 1968 by the Large
i N £

Aperture Seismic Array (LASA), installed to monitor nuclear blasts in

the Soviet Union, were restudied to see if there were microearthquakes

; e 0 o
: at the reservoir (see Marcuson and Krinitzsky ). hree events were
’ found at distances of 30 to 50 miles from the main reservoir. Thus,
the Fort Peck Reservoir either is the scene of very low seismic activity

rk Hill is the only CE reservoir with a felt earthquake




in close proximity. Also, it is the only CE reservoir in which micro-
seismicity has been inferred to be related to reservoir levels. The
relation between seismicity and reservoir level is based on measure-
ments taken during a 3-month period about T-1/2 months after the 2 Au-
gust 1974 earthquake. The reservoir level had a rise of 5 ft in 3 days
during the time of these observations. Talwani noticed a corresponding
increase in seismic activity with a 2-day lag. The relatiocn is shown

e in Figure 3, taken from Talwani.3 The short period of observation is

¢ insufficient to demonstrate a conclusive relationship between the small

reservoir rise of 5 ft in 3 days and the increase in microearthquake

activity. The record of microearthquake activity at Libby Dam shows
that an observational period of 2 years before reservoir filling may
be necessary to avoid incorrect inferences between reservoir stage and

microearthquake activity. ;

i . o

N X

idd b




pm..nzﬁsﬂahyﬁcxwv \y.‘LuHEw.me?,iQow
ITOAJSS9Y TTIH YIBTD UT [9AST JO3BM JO UOTIBTSY °§ 8an8ryg

SL6l HOYVN
L2|92|S2|v2|€2|22 |12 |02 |61 (81| LI |91 |SI ¥I €1 21|11 |O1[6 |8 L] | 0
g
gﬁ#.l % * ¥ ole0e --o-ﬂm-o'-loo vee m
b [.h.:Lr; ] ogg ©
-
. 3 m
<
. m
N S8 R KRS = o g 2 2ee I
oo-oc ..-l . o e ] Ll -
LT P o. -4
g-oo a0 o ® o
e ,0" oo-oococ vma m
20-
- .o \ c- . ; > _ oi4 o /o o ‘e (2 .o 001_0 W M/L
4 1. ! M\. . ... jetl m
/ A A i
N\ / S P A vo os
jo x‘ Hv
7 35 Faes A ¥\ 90 H__u.d .
L] \ a
= 80
7 / B
> . i r
W 0 2 - :
2 L] { o) |
1L TN . = lm . e _,
Vibra ON | H.J
. N 5 02 L
N o
g | 2
€ V4
|
or




PART III: CONCLUSIONS

16. With the exception of Clark Hill, no reservoir of the Cormns
of Engineers has experienced a felt earthquake. Included are all of
the major reservoirs, several with large fluctuations in pool size, and
locations in aseismic to very seismic regions.

17. The felt earthquake at Clark Hill that occurred in 1974 prob-
ably is not related to the reservoir since the earthquake occurred
21 years after the reservoir was filled. Reservoir-induced earthquakes
appear to occur upon reservoir filling and for 5 or 10 years afterwards,
but are not known to have occurred 21 years after impoundment. Micro-
earthquakes at Clark Hill have been interpreted by Talwani3 to be in-
fluenced by fluctuations in reservoir level. Further observations will
be made and are desirable, since observations at Libby Dam have shown
that an observational period of 2 years before reservoir filling is
necessary to avoid incorrect inferences between reservoir stage and
microearthquake activity.

18. A program of microearthquake observations has been undertaken
at thirteen CE reservoirs ranging from small to very large and located

in areas of low seismicity to major seismicity.
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