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PREFACE

This  ep~ r~ F a r t  of cng~~iri~; w’ rk at the . S. rç~ Fn Cineer

Waterways Experiment  Cta t i cn  (~~~S) in Ci v i l  W :~rk o  Invest~~~a t i on  Studies ,
“ Seismic E f f e c t s  of Cec er v oir  ~~ad ing  a~~i Fluid In ~ ion , ’ sponsored

by the  O f f i c e , Ch ie f  of Engineero ( ocs ) .
General d i r e c ti o n  was by t~r .  J anies P . ~a l e , Chief , C o i l s  and

Pavements Laber at o r~~. COL John L . Cannon , CE , and ~r .  F. P. Pr awn were

Direc tor  and Technical  C i r e ct e r , r e s pe c t iv e Jy ,  ~f ~~ S dur ing  the  p er i o d

of t h i s  s tudy.
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RESERVOIRS AND INDUCED SEISM ICIT Y AT

CORPS OF ENGINEERS PBOJECT.~

PART I: INTRODUCTIO N

1. The U. S. Army Corps of Fagineers  ( C E )  ha; Inim e responsibil—

i ty for flood control in the U n i t e d  Cta tes .  T0ius , tbe:~’ have cons t ruc t ed

a large number of dam s wi th  small to very  large r e se rvo i r s .  The re;—

ervoirs store excess water, which is later released as necess~ ry .

sequently , the levels of flood cont.n :,J reservoirs fluctuate Cr’~~tly .

Somet imes there are pool s for power, irr~ ga~ ion anu i wa t er supp ly, n nf,’ i—

gation , and recrea t ion .  Where power is generr~tod , ni wobie fJ~iet 1~~~~~

t ions  are res t r ic ted. The larger reservoir; af the C r~ serve m ’s iy

a dual purpose , p r i n c i pal l y  flood cont ro l  or . ! ewor .

2. A “ large” r e se rvo i r  is l e f i n i e d  by the I t  ic .na l  ~a P - ’ay a t ’

Sciences1 as a reservoir  w i t h  1, 000 , 000 ‘ n mere  n o r ~~~ f t m  * ( 123~~.5 10

m 3 ) of water , usua l ly  imp ounded by a ia’a 300 Ct . (9 1 . ‘a
’ r ~~~~~~~ er

in hei ght . The Corps has fa Ir such i n; :  At i r s i r , ~~ r ;h ok , Lf t t y ,

an d Pine  Fla t . A f i f t h , Sew Uelor io r , is ur..ier car:; 5 roe ’ i or.. e e re

dams are l i s t e d  in Table 1, w h i c h  in l a d e r  a ll  Cr ‘lam: lioben than

200 f t  (60. 96 m ) and w i t h  reservoir;  CrerI ter’ than 1, 10 , 000 : r n~~— f ~

(1233 .5 x l O ~ ‘a ).  T a b l e  1 inc ludes  19 dams hat are t o t w ee r  200

(6 0.96 m) and ~OO C~ °l. 1~~ ~ ) in h e i gh t  and have nosere ’ i r s  or e a t  er

than  1,000 ,000 acre— ft (1233.5 x 106 m 3). Location s of th e  dora ; are

H shown in Fi gure 1.

3. Table 2 lists 10 a .i li ti cnral CE iams that ar e  fre~ t~~ than

91. ~~ m h i g h  but w i t h r e se rvo i r s  that are less inn .5 x ‘a

l4~ Table  3 l i st s  a l l  CF reserv 1~ rs t } :~~ have  been ins t rum en t ed

to r o e .  r i  microear A hquakes t ha t mi rht be the r :ul ;f Induced :0

m i c i t y  from r~’ ; ’ .’rv ir  .l e e i I n i 5 ~ . ~‘her are  13 :r e } :  reservoirs , e. rat ~r,

* A r a b l e  f faet r: for ~. r , 5 ’ rt n,- ., m r y  Ufli ’ ; i t

ment  ~ me t r i c ( c r )  u n i t s  is  n r ’ . .’. r t m ~ i ~n

I
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L i : r k e y — l . i r .  ~c1r Schoc i a; ‘ n.e reserve i.- : r r.~ r. I ~on .o~~~a’~ I ~~~~~ 0—

tions of the r eserv~ irs are :h wn. i t .  F i g  ~r . . 1. Thr~ e oC 1 - -r. (I~ 5:  1 k ,

Libby,  and :1e v Eol~~nes) re la r g e  by ~he ::ri t i . ao ’l A e a : e r . y  ( S . ct

d e f i r . i t i o r x .

5. A compi la t ion  of the  above—ment ione d  J am.; ant  ne:enc ’

tens ; of s e i s m i c  r i s k  zones is pre sen ted i n Table I . Th- s e i r n i o  ris k

zones are bas ica l ly  those from Algermissen. 2 A; car be se’~a 1. - 1.

abl e , ins t rumented  r ;ervoirs  are found in  each of s t e ;  0 ~~~ ‘ 1 , , I . e .

fi-er: , area; of no earthquake; to areas of fr - - s u e n . t  ‘a~- i c r e a r a h r u a k o r .

I
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‘ r ~V . ~~ : ‘ a l l  l int .  e to .

!~ ‘j j j i l’ j e  j a r  er:. ’ ~. I .  1 - o  . . . .  0.

n e  C r 1  i t O ’:  ( C . : : : : :  11111 1~r’., l~I1) ~.a.: s r .  ‘ “ r n  : 1 -  .‘

a CE l- c ;er ’ ; : : .  1 1 1 : :  1110; t ’: r r ” I ’ - - s ‘ ‘ I t .  In —: 

r i . n s ei mIl , .- a : ~e ’: . t .

8. The , : 1 : . ’ ;  l n , : l ’~~ , ” r  sor e  t a c o s  w h e : -  ,r r. ;’~~5 ,t J v  i.~’ ’:. r t l i
( s i r ;  e l i  51 111 n~~~~’ S t h e n ,’;et o -’ i r .  1’ ’ : s ’x ’a: l a s e e : .  , : et: i n .

1 :- i  1952 : 2 s ~ ’ r ~~~~~ 5 , 000 , 000 o r : — :  of v ’s ~ c 1 € . ;t r - o i i t .  t he

n r s e r ’ / : i :  at l I n t 5 
C r s” ,: k, I n n  in a ve e r  an ow~~. 1’ t h e  o n  ~~~~~~~~ 0 :

2 , 000 , 000 St wer i  : : i . ’ a t  t ~ t b  re: .’ i t ~ C o l e  h e l l a C : ’ , : s l

20 5 1 1  ‘~ SW ~’ ’5 . ri t i e  : 1 5. 1  e t i  50 of t s r  . : ‘ , ‘ S_ - t ~~’: : : . 1 1 r~— C S  n to

at , e r t ~~i- Pi l l  C- n-. i t  1959 w l n . ~n abo r ’ 1 , 10 , 000 ~~~~~~~~~~~ ‘ t a r w e

5 U ’ l i e t i V  i C O n  t . .h —~ e:o r V  ‘ i n .  In : li i - 0 I n C  c C  19 72  - ; ‘ i’ , . € ~~~; .

a L il Ly Dart , rose 1 I I I , 250 St in . L to o h s  (2 .1  f t / , i:~~ ) ,  s r i ;  h . ’ ’
d 0 : V  i n -  - . t C r i gor  Ot t; e .:e at ut ‘Ind :~ it 7 — 1/ 2  ‘a n t h . ’ ( 1.  St / ~;

— 
. T n , I J a r  r i c e . : hav e es - n t - i - s d  ‘ i t .  tb -.”: n ’ .:st e ’ i r s .  ~~~~~ ; j , 3 :5 a

h i t  i t  - :i ; t  to a. ‘ .~r r n i n , i t ’ s n r :  1 ta :-: 0’ so :r. . ’ t ~~:

‘i L i r t n ’:. I,a r e . ’ re , :er v ’h r -  f : i,l O ’ i : t I  t i  di  5 a i  1’ ‘as ’. t ~~ S i ’ 1 C’ S

1 e— i n ; i t n c - e 1 0 10  : 1 : 0 : :, 1 0 t o . 0 t~~~ o f I n ’ ”  ~e. - ’

v i t a  t O r n  r-. ’; n’: i t -  - h e ’ :  i n  a r ’ ro :l t i l l  . r’  ~ - i ’

‘ :1. sia ~— : f — ’ t —  ‘ a l : : ’ . :’ 1 : - - ,t  I 0 1 so 0 ::0’.I~ .’ to a

CE r o e  - a ’ ; h 2 Au -’ 0 i ’ ~ ’ ’ . . a ‘ . 1, • S t  0 5 .~~~~~ ‘ ‘ 1.0 

~~~~~~~~~~~~~~~~~~~~~~ .~I IIIIJ II ’..



Clark  b r i l l  i ’ese rvoi r . ’1 The local r ,aer 5i tu ;e  (t - . ) was 1, • Tb ’, e i: t

tn-al area (see Figure 2) was w i t h i n  a few k lcr .et t -e ;  ~S b: - . ’  :. :S i h e t - r .

a n t  .. f the  r e s e rv o i r .  The only e t h e r  f elt  e a r - , h j : i i k~ of n e - c :-  I I n .

t h i s  a rea  hat  a D o d i f i e l  Cer ~~- - :l i ( 101 )  i r s t e n : r : i t  
~ of ‘.1 so~~ ‘ ‘ -

near Linco lnitons , G e o s g i : i , on 1 Crv ember  I D7 5 (~~e~ Ci : S’ar~ n , ans i - n . l i k e

10. Lir c o l n i t o n  is about 15 km frer t i t he  ev ieetY 101 ‘ t -ea l’ t h e

1915 ev en t  (see F i g ur e  2 t c  r b eat  i ~r. s) . The ‘ Ian : Ni  ii P os~- ’t - ’.,c. I e

• ‘ bee rs  i m n ~ u n i t e d  s i n c e  1953~ or 21 :,~ ‘:e
; before the l~ e 5 r - t p ; ~~s k - .’ “ i —

cur re  n .  This  long  t i m e  l at er -v o l  between in;t ’~ unr it- en.t ansi t}.~’ ear tb ,c :nake

is r e t  typ i c a l  of r e s e r - v o i r — i n  l in ed e ar th a r : 1 k e n : .  i : ’ sc , t : n i l- 5t  i T i

tweer5 t h e  rese rvo ir -  ans i t h i s  e a r t h qu a k e  is not ~l InC ~~ - r  ea r:

u n l ik e l y .  The occur rence  of the L i n c ol ot o t  e ar t h i ’ : - 5k r  0 .ee’ :;s - - he

l97~4 e : s s t  1 ;uake  mi ght  have happened were the  r o s en ’.-: : ~~~~~~~

D i e r a €  ar thq~uake  D on u t e n i r u g  • 5t CL ’ I r: j e s t ;

11. P, I ’S; e rv r ir s  of the 7cr-p s  w i t h  l .n - c g n rt :; S r - n l ct - ’ “ r

moni t  ee l  m g  a re  11 ::t.ed in Tab le  P .  Di  c r o e a n t }n m i t 5 k  ~~;.;~~ s ‘;- :. s vi -

aa g n i t i ’i es  les s t h a n  .5 an d  are I - . t e c - t e i  e s Th~ i lS ir ;  - s - n t ; .

12. Data rr ;m i n s t r u m e n t e l  s ’l t e ;  -at ’ . he s t i r  r i p  I C r -  ‘; : l c  : f

r u n P . O S e S  in a r I l t i  n to ‘ . n e t e r t t ~~t i1 r’.g reset--sIt- effe-t. . ‘ii , ’ ’:; - n t .  b

processed to de l inea te  f a u l t  p l an e ; , t ; i l e n I  lI fe c- -. rC • t - .: . .5 i v lI ’~ ~. tn .  I

subsequent mover er t s  of t s c t i v i v alc ’n r fa :i t mlaae s , a t ’: t ”  re  •. : “ ‘ i t ,

focal  mechanisms.  The i r . s t  all : 5t I c n  a t  Lear ‘in cE , ‘ 0 i -  - 
, r a e  b of

S 
-

c r o c c i a l  i n t e r e s t , s ince  the  r e n s e r e ;  i n  w i l l  i n u n  l a t e  Ens ’ at ,  ~~~~ 1

S a n !  t , as evidenced from e~ I -e nt e r  l i e n ’  inn s  ~ ‘ t e r - t ; i t . c S r ’ r .  st - - 1

~
. , r .t ii~~ ’ l t 1 k i . s :  It is e x n ’ e r t - .,’ n t l : :’s mr t : 1~~~ n i r i - h i r ing  tI l l i t . r  of n - . s e n —

w ill en abl e t h e  C: n n r. t ’ r e : r ’ ; n r  e f f o r t  m o l e  ‘ b .  ‘nIl e l  a r . r I l ot

to a m a r k ed  in cr e a se  i n  sei::’ai : Iv. “I;;, .‘ irh 1 a n ’ . l’ s n r ’ ~ I 5

i s ’e ’, ’ i n i n - r a ’ r : l i r j j  r. e: ; , n t e :  In :- : t : n ’  .~l ’ ’ , • ’ l i ~ S • Iso i t  I - o n
is

I. F:C n - l k  r~: I i , a l l i e d  r o o D  a “ ‘ S t - i 0 - r a . ’ n ~~b ’~ :i:s k, .’ ’ t~’ t . t o n - i t . e

at  1’ r~’ s~’~r-s ’ir : .  The 0 : r , ’ r - i , ’t. c~ ’ c a n ,  I’ ’ . ‘ ‘n ’ r ’ r n e l  as  S

h t ’ : er o ’ ir . :  :~ I. 4 t  i 1 ’ ; , . r e , ’r  r’ : i - r ” - - h ’ r t r r : k € ’ . ’.

( 1 )  ‘ ‘ n I  a-s .  I :~1 : ‘ : “al -i e .

S
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( 2 )  ‘‘ ‘ I i :  ‘ t I  I’~~r r  ‘5 s’a .k (,°..a ’ t C ~~l u :  i ’~~i
i - s r  ‘0- ’I: : u r . s : c. n :’, :” : 5 c n l c n . ,  n .

I s ’ I ;n v e  t :i ’. ’ i - . ’e : i - t i , r n : k . ’ :; ‘ mo o r , , ’ ; : t i i T .

( 3 )  “ ‘ ‘ r . I t l .  Cc local sei;n:si5 -it .y.

( 1 , )  1 i , , ’ k : ’ v — l , i r n c ’ o ,I t  O - i . ~~I .  i ’r ,.d ’  i :ei  I n c .” c- . 5 ’  ye;
u ni son - c o n s t : ’ o1 ’: I n .  , ‘~‘ a t 1 0 1 1 5  I s e i n n i nug 0 0  C I

5) :s~ : Id e n s  ;. Ua ;en ’  con:; rue ’ i err . Thr ee y e : ’: of
r t n ’ n i t : , o - s r s c- ;In ”w rio l ocal ev e n t : ’ .

( a  ) I ’ : in ;, ‘0/ i l i e ’ . Preconst  t i n : ’  t i or i  “b ;e r  .~~t I cnn ;. . H e n - u 1  ts
‘i t ’ , i s .’t o r - t : i i t l 0 0 0.

( 7 )  h i c } , ’~ :-:.n 0. F in ; : : ’: i. I o I e r  c c n ! n : t r u i -t  h r. . ‘l a t i n .
fl t y s :-t s te r at

( 8 )  lock..: l s i i a t n ’ .l . A t a r . i net  j n-c ’ ,~er t ’ . I ’ :- e i in i a ’ ’r’y
e lse  eva t I c m i :  l o w  cuest  I nnnro ’bIi e even.  t S.

I. F . e i e r v ,,ir s  w i t h  ‘I c r - a l  tt ’i i c - n -  ‘ e”srt hq,u ake :

( 1)  Clark 11111 . Sh er - t  in t e rva l s  of ‘ b ;er-o- at i ° ’n ns  he
P r o f es so r ;  C. 5’ . Long of ler ’ r - g i t _ i  l’n n s t i t : s ;e  of C ’ . . ’l. —
rsn .1’gy a nt  }‘t -a i e” i  Ta lw. ’: r n i  of t h e  s 1 ’/ e r s i ty  of
11 s i t , 1’ Carolina h ’avo revealed local m i :r - ; e ’r r - t h q u a k e ; .
The se i s m i c  ity  may . r r may not be r e l a t a b l e t ..‘ local
f a aj t  t n-end ; . A r e l a t i o n  between se’ i s r : i ch i n ’  ansI
‘eservoir I evels has been 1’c ;tul ’at s”i (see ~ o lw :nmu .i~~)

l e n  t h e  oen in ’ i  ~ f : ‘b servat i  a is In:: nt ’f i c h ” s t  t o
p e r m i t  spec I Cl ‘o r u cb u s s nn s .

( 2 )  l Ibby a m n d  Ow r - n ’ . hak.  i . i o n it o r c . i b e for e  f i , 1  Ing  ‘ ‘ 5
nc’ ns o nv o i  s a n n  I :if ~ eS f i l l i n g  i r s  197 1— 72 t i t i t l l
r esent . ::cnrl er- ’.’ r l :  m i c r ; ’ea r -t i i s ’n : k e s .  lIe r’clati i.

5 sei t i5. : i ’ 1t .~ t i  l ’ e t V ’  I- ~“ s: I I :  1
( 3 )  ::-~~ -m Ci t - i  a C t .  Un .  i s ; ’  C .o r ::t . -u .- b i t .  ~L. 1 0( 1 .

merous m i ’ :  .c , t t - l , i i ~t l Is .t : 2 9 ,’~
’ h I  W~~ s:’ t .  I .~ ‘ t i n ’ : ~e ~~~~

a nt  17 f . q ~::;t 1975. H I g h l y  sei!:n , c- ’ u e ’ ’ - :.

j l~~ F or t  b ’ s - cE ,  i’, e.ss ’r v5ir - w :; n, - . ’ e s : r  I n s t  ~‘ i l t t ! ’ ’ t ,  e l  t O e  m l ’

;‘ ~‘I: o act. j~; i’. y; In U’ S’ r , a l .a  : c” l s s i a ’ : . - o5f 
~~~

-
~~~~~

- :
2~~~~ ’~~

0 ’
~~ ’ ‘~~~~I ’  ‘ r ’ ’ : ;  ( T , A : 7 ~) ,  u n ; r ’ ] I s ’ i  ‘0 :: : 1 ’  ~~~~~~~~ t l : .’~~s i t ,

v i  ‘~ Oni a , ‘~‘e .  ‘ 1 . 0 i i i  I i t  :‘so ’ i f  - I i ’ : ’ a ‘ i ’ -
S 

‘

- P- s ‘ ‘“: i n -  ( s ’  i’ : ‘ ; ‘  ni  ‘ i  : Hr i n . h  : she ‘ ) . “ I : ’ - ’ - ’ ’o ’ - ’ t s ~ s a. es ’ i
I’ t I~~~~?, i s ’ ’ : s ~~~~~fl u ”O r: . i J ’ : S r ’ m o ~~~b , s ’ m i n n t s . ’ ’ ’ ’ -e ’ 1 - - . ‘0 ; , ,

I i -  I” r ’ F ’ e s r  I” s ‘t a ’ - :1 - h r  • t s t e .’ of vs ” - ;  . . : ~~~t- - a- - a - - : -

‘ ‘ i t s : ’ :: ~~: 
t a- C ,~ ‘ E n ’  ‘ s ‘a 1 ’ ’  w - 1 a :~ 1 ’  ‘i -

~ r .  r l’ s

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _



in close proximity. Also , it I:.: n h ~ 0n1:{ ‘ ‘i” r e s e t ’.’ I- I:  w iT ‘1. : 1  ‘ “  —

seismicity has been inferred to be re la ted  1 n- o c r”; ’ I- 1’ .’-;eJ :. 71, -

relation between seisrt : ici ty and reservoir level is based  (. 1

ment s taken during a 3—m onth  p e r i o d  about 7—1/2 maC i , : r 5 ’  1- - 2 5

gust 19714 earthquake. The reservo i r’ level ha-i a e lse  of 5 f~ I t :  3 : 5 ;

during the time of these observations. Talwan’i rici tice r t ’: c o r - : r  ‘ l l I t i ~~

increase in seismic activity with a 2—day lag. The rela;i .‘: hs .’:h. vi.

in Figure 3, taken from Talwani.’ The short t,e r i o d  of olsereat :on

insufficient to demonstrate a conclusive relationshji betwo~ :, t 1,~ small

reservoir rise of 5 ft in 3 days and the incree.se h~
activity . The record of microearthquake activity t1t Libby C m ~. ‘h

that an observational per iod of 2 years before reservoir- r’ii1ing

• be necessary to avoid incorrect inferences between reservoir sta ti c

microearthquake activity.
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I AN ’S I I I :  C O N CL U C I : t C f

16. W i t h  the exception of Clank Hill , IsO r e se rvo i r  of the ‘i-r e

of Engineers has experienced a S e l f , earthquake. Included ar-.~ oIl ; S

the major reservoirs , several with large fluct uations in: pO~,:l si :te , arid

locations in aseismic to very sei;nt.ic regis”.nscr .

17. The felt. earthquake at Clark Hill t h a t  occurred in 19Th torch—

ably is not related to the reservoir since the e’orth”r’rake occurred

21 years afte-’ t,he reservoir was filled. Reser-vc’ir— in,juce .’: earth .’mua k i.’;

appear to occur upon re servoir  f illing and f or 5 on 10 ye ” - : -; afterwards ,

but are not known to have occurred 21 yea:-: after imt ou n s~~r r em : t .  ‘lice;—

earthquakes at Clark Hill have been interpreted by Talw :’sni to he in-

flu enced by fluctuations in reservoir level . Further’ observations will

be made and are desirable , since observation:: t n t  L ib b y  Cam have shown :

that an observational period of 2 yen:’;  before roser -,e’ i r -  fil ling is

necessary to avoid incorrect inferences between rese ’s’: ir :1 ace tsad

• microearthquake activity.

18. A program of microearthquake cb s e r -v a ;  ions ha: bs’o’ n :  ‘i t  Ier’t’sks ’n ,

at t h i n -t e e n  CE reservoirs  rang ing from small tc ‘;ery 1 :0-Re nt :d Jc ~cri t ei

in areas of low seismicity to major seismi city.
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In accordance with ~~ 70-2-3, paragraph 6c( 1)(b) ,
dated 15 February 1973, a faca lmile catalo€ card
in Library of Congreea format iB reproduced below.

J ohn son , Stan l s’v J
Res ervoir 5] and induced ~ s ’ i  ‘S ssi is - I v at ) C s s r j ” - ss  I En g i — C

neers pro~ 5,-I ’t ’S , ‘v Stan I ,’v J. Johnson , l’U js~ 1..
Kr i n i t zskv , and Norma is •\ .  D i x o n .  \ ‘ ic l ’shurg,  1’~ S.
,‘s r rn v  Engin eer I’.5aCI’r,,’sI vs f.xpl’ r Im -n t ~t a t i ’ n . j q 7 7~

1 v (various p agings) i l lu s  27 ~‘sc . (1 . ~~~.

Wate rways  I-:s pe r iment Stat ion. ~1 ~ . ‘ s ’ !  I O n , ’ s ’ I I - s  p a p er
S — 7 7 — 3 )

Prepared for °ffice , Ch h’ f  of F ,ngine,’rs, l’ - C . Arr i v ,
Washington , D. C

Inc I tiile s b ib I i  ogr slph v -

1. Dams - 2 .  I’sirthnIIaT’a’s - 3 .  R & - s ~ ’ rv, ’  i rs  - 4 .  iCs is—
m i c  W a V e s  - 5.  C, ’  s m i c i t v  - 1 .  E r i n  i t  cs k v , 111 1 is-
1.0111 sin C s lu C l i o r .  I I .  1) 1 xon , . 5 5 1 5  C C ’, I f l  ,\ - , lOi nt
author.  I T I  - I’ . S . ,\r mv - (‘ s s r n s o f  En gin e -r s -
(St - r i p s ’ -. I’ . S. ‘.‘, C t s ’ r w , I \ ’ s Ex p e r im e n t  S C a t  io n , \ ‘ icl” -’—

— burg,  M i  s-s - M i s - c l lam-oils p a p s ’ r S — 7 7 — 3 )
-
‘ I T A 7 . W 3 l , m  ~o . S — l 7 — 3
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