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FOREWOR I )

1. The II. S. Army Engineer District , Sa v a n n a h  (SAS) and the Waterways Ex-
periment Station (WES) were authorized to conduct this stud y by the Direc—
to rate of Civi l Works , Chi ef of Eng ineers , U. S. Army , Washin gton , DC.

2. This report was prepared in response to rap i l l y changing earth quake
technology . This chang ing technology has prompted a proposed engineering
regulation which will require assessment of earth quake hazards , incl uding
static and dynamic stability, in the design of certain new dams and exist-
ing dams .

3. The report was prepared by Drs. E. L. Krinitzsk y and Richard J. Lutton
(WES) and Mesrs. Earl F. Titcomb , Jr., and William E. Hancock (SAS). Con-
sultants for this stud y were Rev. Louis Eisele , S. J. , Spring H ill College ,
Dr. David T. Snow , Co lor ad o Scho o l of M i n e s , Dr. Lel and Timoth y Long,
Georgia Institute of Technology , Dr. Otto W. Nuttl i , Saint Louis Il niv ,.r_
sity, Dr. David B. Slemmons , University of Nevada , and Dr. Pradeep Tal waii i ,
U n i v e r s i t y  of South  Caro l ina . The report dealing with anal yses of earth-
quake recurrence in the region was prepared by Dr. C. A l lin Cornell ,
Massachusetts Institute of Technology , a theoretical anal ysis of i n d u c e d
seismicity was prepared by Dr. Davi d T. Snow , the tipp er bounds magnitude of
the  maximum “ induced”  e a r t h quake , C l a r k  H i l l  Lake  area was prepar ed by
Dr. L. Timothy Long. Thanks are extended to the numerous geologists who
c o n t r i b u t e d  ideas and r e s o u r c e s  to a i d  this stud y ,  in p a rticu li r , Sam
P i c k e r i n g ,  Georg ia S t a t e  Geolog i s t  and Nor m an  O l s e n , Sou th  C a r o l i n a  St ~i t t -
Geologis t , Dr. Vi ll ard S. Griffin , Jr. , Dr. Robert D. H~ tcher , Jr . , C 1 ’ m s o n
U n i v er si ty ,  David E. Howell , South Carolina State Developrwnt Board ,
Dr. Donald Secor , U n i v e r s i ty of Sout h Ca ro l i n a , D r .  B. .1. O’Cor i r t or  and
D. C. Prowell ,U.S.G.S

4. Also cooperating in the stud y was Mr. William K. Thompson , Chief ,
Foundation and Materials Branch , Savannah Dis trict , Dr. lames Erwin , Divi-
s ion Ge o log ist , South At lan t ic D i v i s i o n , and Mr. Norman Dixon , Dire ctor :t t-
of Civil Works Office , Chie f  of Eng ineers , U. S. Army , Washington , C ,
Colonel C. H. Hilt , CE , and Mr . F, R. Brown were Director and Technical
Director , WES , respectivel y.

~~~~~~~~~ FRANK WALTER
Co lone l , Corps of E n g i n e e r s
District Engineer
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No evidence of active faults is present in the general area of t h e Richard
B. Russell d~inisite. It is concluded that the faults which are present
are all ancient and inactive . Present clay t ec toniSn i  i n d i c a t e s  tha t
m oderate earthquakes occur in the Piedmont and adjacent regions . Severe
earthiquake~ have been restricted to the vicinity of Charleston , South
Carolina . ‘l’hie faults arc obscured by Coastal Plain sediments . Motions
attenuated from Charleston to the Richard B , Russc-ll damsite are low with
the d i s t a n c e  being about 170 miles.

Fou r seismic risk zones were ass igned.  These are the Bluc’ Rid ge , Piedmont ,
Coastal Plain , and Charleston-Summ erville zones. The peak motions for
bed rock wer e determined by the panel to be accelerations of 0.4 to O.5g,
veloc ities of 30 to 45 Cm/sec and disp lacements up to approximatel y 20 cm ,
w it h  a 5 sec duration. At the Richard B. Russell Site , th is corresponds

:i m a g n i t u d e  of 5.5 on the Richter scale. (Design earthquakes define
the ground motion at the site of the  structure and form the bases for
dynamic response analyses. Genera l l y ,  several des ign ea r t h quakes  are
investigated , for both the maximum earth quake and the operating bas is
schedule .) A group of time histories~ ’•~ere sele cted for reacahing.

For purposes of desi gn, the most conservative (the safest) approach  assumes
that ihe maximum earthquake (the severest earth quake believed to be
ossihie at a site on the basis of geolog ical and seismolog ical data)

t- .’ ii I occur under the dam . Though a maximum induced earth quake can he
postu lated , equal to the maximum seen in the hi storic seismici ty over
comparable portions of eastern United States , there are no r liable and
proven  m e t h o d s  within the present stat e—of—th e—art to predict - :lIt tht r or
not an induced earthquake wi ll occur . The ~ t cdv by Dr. Snow 51IOW ~. that
th e geolog ic stress field at the project s i t e  i s  compatable with initiating
ac t ie t y  - The h i s t o r i c  record for the largc. number r f  r r - s e r v o i  rs in eastern

I ted States show s that only a small percentage of the  r e s ,  rv,r irs (4 of 59
in the Piedmont) may have induced activity and those earth quakes have a
maximum magnitude of 4.5. The analysis of Dr. Long su g ge s ts  that a maximum
i nduced  earth quake for the Piedmont is about m a g n i t u de  5.6, If seismic its’

W e r ~ induced near the reservoir , the experience shown in 4 of 59 Piedmont
r eu  rvoi r areas , indicates the maximum magnitude would be much lower titan
5.5 , probably in the 3 5  to 4.5 range . Consequentl y, for the  purpose ci
clam safety and desi gn , a conservative analysis is to assume t h a t  an induced
earth quake will occur , and it will have a maximum magnitude of 5.5 , ~ it li
a s h a l l o w  h ypocen ter  at the damsi te .

I i 2
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REPOR t ’ S UMMARY AN D
STATEMENT FROM ‘IRE
CONSULTANTS

17 March 1977

A prob ab i l i ty  of recurrence s tud y showed that  the operat ing ear thquake
has an acce le ra t ion  of 0.075 g (0.01 annual r i sk ) .  The opera t ing  basis

¶ earth quake is genera l ly more moderate  than the maximum ear thquake . It
is selected on a p r o b a b i l i s t i c  basis  from reg ional and local geology
and seismology s t u d i e s  as being  l i ke ly  to occur dur ing the l i f e  of the
pro e ct ;  in this case , 100 years. In this instance , this peak ground
acceleration is considerab ly smaller than the desir vglue of the
Richard B. Russell D amn . In other words , the dam ~

‘ci3esigned to with-
stand an earthquake several times stronger than would be likely to occur
during its useful life.

Absent ia
See statement of consultant

Dr. C. Allen Cornell in lieu of attendance

Dr. DavidiSnow 4~2____./). At~ 17 Mar 77

Dr. Otto W . Nuttli ttt~ I ( )  
- I t  , Li - 17 Mar 77

Dr .  David B.  Slemmons &4~4~’~
( 

/~~~~~ 44~~ .—~- ‘17 Mar 77

Dr. Leland Timothy Long _ ;
~ e -~~e_,avt’-~.7c~.q., 

‘17 Mar 77

Dr. Pradeep Talwani 1~~ 1~~~L’77

I ’F r .  Louis Eisele , S. J . - 
~~ 

_
~~ c.~~— ~ J )i~ 17 Mar 77

.1

March 22, 1977

I approve of the summary with respect to its accuracy in reflecting the

material on seismic risk analysis which I contributed as a consultant to

the U.S. Army Corps of Engineers.

/
,

~ 
(1. .’  (.~~~~~t ’- -’~ c /

C. A iim Cornell
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PART I - IN’rRODUC’r ION

Ceneral

I. The Richard B. Russell Damsite is 170 miles from tlcc ~n t
earthquake which occurred in 1886 at Charleston , Sout h Carolina , and
approximatel y 19 miles from the nearest sizable local arth quakc’ wic i - h
occurred in 1875 near Lincolnton , Georg ia. The historic rec )rl ,
dating back to 1698 , includes seventeen moder ate earth quakes wit h i n
the Savannah River Basin above the Fall Line. A pproximatel y 16 earth-
quakes of intensity greater than Modified M er ca l li V (MM— Sc , iI- ) h:cv .
occurr ed in the Piedmont and Blue Ridge soismOtec t o I c i c  p r o v i n c ’s as
defined by Hadley and Devine (1974). Althoug h t h e  seis micitv of a 5(1—
m i l e  radius area around the damsite has been very moderate , t ict ’ t w c
moat severe events only produced damage to the most poorl y bui l t .in i
badl y des gned structures. The Richard B. Russell Damsite was cc r c ~—
fully evaluated for seismic risk because it falLs within Seismic Zone
2 of  Al germissen ( 1969)  and the great severity of the C h a r t -t o n
e a r t h quake .

Objectives

2. Thi s stud y undertook to provide a review of the t ctonism , fault-
ing and present activity of faults , earthquake recurrence , question of

induced seismicity, and the si gnificance of the seismic history in the
region. Desi gn Ea rthquakes were determined along with their appropri-
ate ground metion for bedrock at the damsite . 

.
~ ~~~~

.
. - _i _~. . .~~~~~~ . J
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3 . The k i c h . i r d  B. R u s s e t  I 1,10 and l a k e i s  s i te d  i n  t h e  P i e d m o n t
Ph ysiograp h ic l’rovince. Tu e general relation 01 the s it ’ to the l’ip d—
mont , Coast .cl Plain and A ppalachian Mou ntaius is shown in F i g u r e  1.
The terrain is broad l y t-ol I ing but gen ral L y tb sur face d e cen d s
gentl y towards the south and southeastward with the val icy of the
Savannah River. This up land sci rf :mc e i s the Washington Plat ea u in
Geo rg ia (LaForge 1925) , the l aurens slope of South Carolin a , or the
Winder SLope (Clark and Ztza , 1977). Rounded stream divid e s have
approximate elevations of 700 to 1 ,001) feet m.s.l. and narrow , shallow
va l l ey  bottoms have elevations of 350 to 500 feet m .s.l . A few monad—
nock hills have relief approaching 100 to 200 feet above the general
terrain (e.g. Parsons Mtn . , Little Mtn.). Such knobs have been ex-
plained by greater resistance to erosion .

4. The Savannah River and its tributaries , Broad River and Rock y
River , make up the major drainage system (Figure 2). The Savannah
drainage is bordered by the headwma ter tributaries of the Oconee River
on the southwest and t h e  Saluda River on the northeast.

5. The overall pattern of the netwo rk is apparentl y a resilt of
superimposed drainage. Najor streams southeast of the Brev ard Zone
(Fi gure 1) are dendritic , while along and northwest of the Chauga
bel t , steams have a trellis drainage related to underl y ing geolog ical
structure. Staheli (1976) believes that in the southeastern Piedmont ,
consequent streams developed a dendritic drainage on a Coastal Plain
surface of Oligocene time. Since this time , they have been superpo si—
tioned across Piedmont rocks. Many believe there is lit t l e  validit y
in the concept  of p en ep la n a t  ion in the development of the Piedoont

up land surface. Crustal instability in tim e s o u t h e r n  A p p a l a c h i a n  Moun-
tains has prevented penep lanation from occurring. It should remain an
open possibility that the land has responded to other unexp lored fac-
tors in developing the accordant rid ges ‘and drainage patterns.

6. A few small stream terraces found in this stud y along Clark Hi l l
Lake and the ri parian Savannah River indicate throug h the presence of
kaolin clayey gravel and sand overlain by manganese nodular sapro lite
that the terrace material may have been of greater anti quity than
Pliestocene. Manganese nodular saprolite has been thoug h to be as old
as Cretaceous and as young as earl y Pliestocene.

Reg iona l  Stra t i g rap hy

7. Strati graphy in this area is poorl y und erstood d u e  largel y t o
intense metamorp h i s m , lack of marker bed s , compl ex folding and fault-
ing and saprolization. (See l” i~~ure s 3 , ‘

~~, and 6 fur the str at icr .c—
phy.) Acco rdingl y, this review has r1 ied p r i n c i p a l l y upon work

2

- — — -..
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listed in Table 1. Strut i g r a p ios is pr~’so ’imte d in terms of litho log y as
opposed to fo r mn a t i o n a l  n ames  h o t i s ’ of the lack of do ’ t m il e d strati—
grap hic information. Additional stratigr ap hy was developed in field
stu dies and is used i t t  t i m  is rel Ir t

8. Figure 5 and Maps 1 and 2 (maps I and 2 are mi ssing from insert
pocket) illustrate the g o t n o roi l g e o l o g y . The section consists of
approximately 124 km. (412 ,000 feet) of metamorp h o s e d  s e d i men t a r y  and
volcanic rocks intruded by granite , gabbro , and s e r p e n t i n e  and  posses-
sing highly mobilized cores of ga &-i ss with mi~ mn at iti c flanks. 5teta—
volcanic rocks in truded by gahbro and injec ted by g n e i s s  a r e  the
predominan t rocks in the immediate vicinit y of the damsite. The geo-
logic ages range from Precambrian to Perm ian .

9. The age rela tionships of the parent rocks in the various recogn-
ized bel ts are shown in Fi gure  6 . Overs treet (1970) states that the
metamorphosed sedimentary and volcanic rocks in the Carolina Slate ,
(Figure 4) Charlotte , Kings Moun tain—Lowndesvi lle , and I n n e r  P i e d m o n t
bel ts consist of three stratigrap hic sequences separa ted by two un—
conformi ties. These sequences mainly contain graywacke , s h a l e , tuff
and lava.

Each sequence was considered to have been deposited in a subsiding
basin with the western parts of all three sequences superimposed. Near
the Brevard zone and extending more or less southeastward , these se-
quences persis t to at least the continental shelf. Sundelius (1970)
feels that rocks of the Carolina Slate belt , were derived from nearb y
volcanic islands and tectonic rid ges by deposition in in tervening
basins. A synopsis of time relationships of various strata and events
is g iven in Figure 7.

10. Proceeding nor thwest from the Coastal Plain , the youngest perti-
nen t stratum is the Late Cretaceous Tuscaloosa Formation. This
clas tic unit is comprised of kaolin—bearing, crossbedded sands and
gravel.

II. Occ urring as discontinuous erosional remnants , below the Tusca—
loosa Formation at the edge of the Piedmont (near Augusta) is the
phy ll i te of the Belair belt. Saprolite developed on the surface in
the Belair belt has been preserved by the Cretaceous burial. The Bel—
air bel t is composed of metavol canic tuff and arg illi te and is thoug ht
to be equivalent to the Little River Series occurring fur ther north—
wes t (paragraph 13). The Belair bel t is probably Cambrian in age.

12. The Kiokee bel t , exposed vest of the Fall Line (Figure 1) , is the
oldes t in the stud y area. The age is though t to be late Prtcambrian
or earl y Paleozoic. In Sou th Carolina , rocks of the Kiokee bel t are
amp hiboli tes and granitic gneiss , whereas  in Georg ia , the r o c k s  a r e
felsic gneiss derived from igneous rocks , q uar tz i t s , and o th e r
gneisses . During Ordovician time , a younger adamelli te locall y in—
truded into the belt. Two periods of metamorp hism are recognized in

7
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TABLE 1 — REFERENCES IN STUDY OF STR.ATIGRAPHY

Area Author

Hart County, GA G r a n t  ( 19 5 8 ) ;  Baker  ( 1 9 3 3 ) ;  Corps  of Eng i-
neers (1960)

Anderson County, SC & Griffin (l974a , b , l972b; l971a , b; 1970 ,
Pickens County, SC 1969)

Abbevi lle County, SC Griffin (l972a)

Elbert County, GA Austin (1968 , 1965); Chandler (1972); Penley
and Sandrock (1973)

McCormi ck County, SC Medlen (1968); Griffin (l972a); Secor (1977);
Johnson (1970a); Bell (1966); Overstreet &
Bell (1965a)

Lincoln County, GA Crawford (l968a); Crickmay (1952); Fouls
(1966); Paris (1976); Peyton & Cofer (1950);
Hurst , Crawford & Sandy (1966)

Wilkes County , GA Peyton and Cofer (1950); Fouls (1966); Craw-
ford (1968a); Cook (1966)

Columbia County, GA McLemore (1965); O’Connor & ProweLl (1976);
Daniels (1974)

Ed gefield Johnson (197Db); Daniels (1974); Pirkle (per.
com 1976)

General Region Overstreet & Bell (1965a); Crickmay (1952);
Georg ia Geol. Survey (1976)

8
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t i c , , K j o , k c - ’  s I t .  A ‘ -,l,’ r .  ‘ - v e i l S  i l u m  i H Il~~’ I’ r - i s r i a n  ,-i~ l e t . - - )  t i’-

K i  ‘ k ’ -  b e Lt oiil, . Ho r s - w I i-, .0 le ‘i -’. i n t , ’n s, ’ - - v h S  , c r c c i . o h l v  I c i r o n ~’
l i  t o ’  l O t  1ev i C ~~i i m  S o  S i  I s r i o i l  t i ii , ’ .

1 3 .  \ c ’ r t V V , / - - o t  m l  t i , - K i c k  - ,‘ l i c ’ I  I .in,I e v er  I o ’ o : o o ’  it o r . - rIo. ’ i ’ . i I ’ ’ c c - i e i c
r.’.k s 0 ’  t b ’  Car olin a Sl a t e h o - I t , 0 ( 0 - 1  I t s  I ’ V f O I  n i I , - I I t  c i i  ( ; ‘ - , , r e i a , I t ’ ’
L i t t l e  R i v e r Se n ’s. R a d i , s ;m , ’ t r i c  d . i t c . ~ i ,  o I l  is ‘V ’ ) II ~ 7 0 )  ST 11 i u o
- - - o r e  h a v e  boo n obtain ed i n  t I ~, - l i t t l e  Riv ’’r ,S.- i i es (Ca r 1 c- :ito ’r , I ) ’’ - - .
I’r , i s  Ss: ’ I p I c ’ I S o ’ sn i s  rno’ t a d ae it o’ whose parent w i —  .1 ; ‘ r l

ViS- s . 0 ( 1 . 1 t u f T s .  Two ’ ~i a i i i  bo d i e s  of r n e t .- e H o c  i t  ‘ - 1 i ,  :5 i i ,  ~V i  I i . )

O T T o ’ S . . ’Ii t ,r e , )  around Lin co lnt on , Geo rg ia , - iii ) Illi’ s e n d  o r o i i ’ ~ I t I l e
R u s s , -  II I ) I I I I I ’ V j t c ’ . o v e r l y i n g  t h e  m e t a d a c i t s ’  i s  an  l v r - . l a st I c ’ s e q V i s ’ r i c V ’
o c f  Lu f L  , ~o o ~n I o n ’ , r a t  i’s , we [del tu ffs , Ic is ic an d  f l - I  I I I .  V s-s in t ‘ - r —

l i n g e r - i  with vol - - o n i c  gravwa cko ’ ~nd arg i l li t o ’ . Cv r i y i n 1 ’  ~~I l ’ -  g y r o —
c last ic s e qu e n S .’ V -  i s  an upp er sed imentary sequence C ue-l I St 1 lS~ > 1 I S I V I I ’ d

a rg i l l i t e  and  v o l c a n i c s .  The youngest sequence is w- -l l  ‘1 north-
west of t h e  A e n i c m c  fault zone in SocitI ~ Caro l i n o .  - r i l e V I j c  m t  r e -  i- sit s
in t h e  i ,jttle River Series , such as Goslien Cra n it .’, i s  365 I f l h l l i o ) T T
years .)ld (Paris , 1-) i tc ) .

14. The Little R i v e r  Series ov~ rlics the CharLotte h, - l t  t m  tb ’ north-
west. TbT ’ Charlotte b e l t  i n  S O I I t I I  Ca rolina consists of in ~- i  ss  a n d
schis t d e r i v e d  fraI l older igneous rocks , gravwa ckc -’ , sh.ol ,’, tuff , and
voIc,10icmo . In o;o cmrgia , the Charlotte belt includes lar K o r - a .  of
granitoid ~nm ’i cs , hig h grade schi st and -amp~i ibo li t ’ ’ derived from s.’ l i —
mt’n ta rv rocks an ) Lgns’o)us p lutons . The C h a n l V ’ L  c ’ b e l t  is r o e  m n b r i a n
t o  Cambri an ~n , 1V~~V ’ . li e - exact sLrati graphic r’- la tion shi p be tween r h ’
Ch a r  I - o t t o ’  a n - I  S L a N ’  be 1 r in the s ti o d y area i ’, — i n c e r t a i n  b e c a u s e  t im ’ -
b o u n d a r y  i s  e o o r l v  die- m ed. C5 - r I - a m  S e - i  at r o ns hi ps m d  ica t,-’ tha t rme - - t
morphic era. ;-’ is the only Iistinction . Locall y , the Charlott e hel
r o l l / s  f o r m  t n ’  ,.V l t o r ’, ot n m - g l e n  ii an tic l ines , and t b - -,’ ~i t m  h o - l i - - c o - i
to be oi ler t h a n  t h e  f L a n k i n g  S l a t e  belt; however , un i ts o n e - l e t -i i ’V

s i m p le st r n  t I a r I ike.’ C I: I S t  ni l ong shear zones a n d  f a m i l  t

15 . The rd ot i - n ship i f  I I I - C h a r l o t t e  b e l t  I O C V I  l :sner Pi ,’11”iont h i t
( F i g o i r m -  4 )  t m t h e  k ’ j n o’ tIlc on tai n _ i .o w n ,I , c sv j Ilt belt is also n o t  d o o r .
In South (‘ o r V cl in , a , rh . Kjno ’s ~t i ’mo ntain belt s m -  m V I r l l t c ’s t h e  L in e r  P i - ) —
m o n t  t r o l l  H O ’  C h : o r  l o t  t o  b e lt ci V Il is t h . c i~~h t  t o  he v c m o i n g e r , n.’rh .ip-~ in
t h e  f l O e - I r s - V O l  - i ’ - t a c h m n e n t  /. V ’ne s q l l e ’ c l ’c) V m .tw,.en ad Ian — n t  mUI r
bl ocks. A .- c cm rding ln , t im e Cings ‘-l o ’  n e- I , :) belt - ‘enl ie s t he  : nn e r  ‘i ’ d—
m o n t , o s - f t i m , ’ 0 .3 j , a c e n t  C h o ’ I V c t t e  b e l t .  The I , ow n d e s v i  l i e  b - i t  V 1 V V e — ~ I1O L

e -s t . ’ : i - )  i - i t o  GOO N’ S -i . N t h o - ’ L o w e  1- ’ s v i l i e  b e l t  c r m s s V - t h e  S a v a n n a h
R i v e r . I V V I  i at  m n  a n d  I c , ’ Id  1n ~’ w r a p  a r . c u n c l  I - l i ,  s e e  o f  t h e  ‘ - ,‘nc l i e , ’ a nd
t h e  b e l t  p i n c h s - s o t  G r i f t i n , U ) 76 , c , r s O n , a  c , cnm i n j c . o t j . i n ) . Th u
I o n ’- r P i  ‘ V I e - I l l  I 71 - I / ‘ II  I S t  , en I ss , q u a r t / i  t o , and ;o 1’ fi i ho l it ’ ’ ‘f
South C a rml in. i 1 1 ’  n o t  - I o ’ o p l - o v  an ’; c I t e  s i g n i f i c - a n  -e  i n  ) i o , r g i o  - m d
rn- - I - ;  h o’ c m b ’ . c o r , ’ c I  b y  f a u l t s  ( H o i r ~~ r , 1 -c - c ) .

I n .  -N re- nor o ’V e f l t  oc ’ c - I r r , - l - i l s o  w i t h i n  r h o  r e g i - m n  15I — 3ith ~t . . K .P.
w i t h  ( I V  i n t r o / I - i l  V ’ . ‘ V I h h r V l  o n ,  I as soci ate-I c h l - ’r i t  i z a r  i ’ m  ‘ f
c n n p l ~~s - i n  I C ’ -  S I - i t . ’ , Ch a r l , r t ’ ’ and  I n n e r  P I C V 1 V l  c : i I  b e l t s .  ~l un I l i n

I 5 1 5 )  1 i n d s  - a l t o ’  r i  t ion , cat :oc - I  a s I i c 1 ’ I  rIc o ’, j o i n and t i l t  j i m 1- i n  s I Ii
c n m n p l - ~ x ” - c .
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L i t l i c c l c c g v  N e a r  t b , ’  S o

11 . The rocks  in  5 ) , . - s t c i - I ~’ i r i ’a I c . c v u  l’e, ’it sub ‘ c t , - ,) to  v a r o l , u ’ , - —
grees ot mo’tamorp h i s o . A o l m en to  t h e  dams i t , - , t I ~ -y a r ’ - i r o te  rm. ’d 1s t ”
in  m e t a i n o r p h ioi g r a d.’. R o t h  r eg ion , i l an d  c o n t a c t  t v p - s - c o  mn,’tar Tc)r p h i  50Th

r o ’ e v i d e n t .  The m e t a ’lac i t e  ad j ae, ’n t  to  t b ’  V I  l i i i  I S  ,~~; c c -  r K r , - , - n s c h  i — . 1
grade .  ConNi c. t h o r i i f ” ! m o s t  p r o b a b l y  s u r r o c l i a c t s  t h e  a l h o u n  Fno I I s
g a b b r o comp lex , bu c  l i t t l e  , ‘v i d e n c e  is I - , , o t c l  ol c o n t a c t  m o ’ r a r n c . r p lo o sm
nea r the  d a m s i t e .  P e r v a s i v e  e a b b r o i c  d i  k ’ s , howev er , are hydro t li o ’r —
m a l l y  a l t e r e d  to  c h l o r i t e  m c c h i s , , .

1~ . D o w n s t r e a m  of t h e  d a m s i t , - , a l o n g  C l a r k  I l i  I I  l a k ,’ , t i c , -  S l a t ’ - h - I t
rocks  are  g e n e r a l l y  g r e e n s c h i s t  grade aj o i l  - X i  ib i t less i i o o t m i n c s r p h ic
a l t e r a t i o n. U p s t r e a m  of t h e  d a m s i t e , m e t ; i m n o r p l l o  g r a d e  i n c r . ’, i ” ’ -s ,
thoug h the Lowndesville belt also shows r , ’ t r , V l ’ r a d , ’  mI ’t . a l I c . m r p h o si ’ V .

19. The fi no’— grained rocks o’ xh Lbi t w e l l — l e v c - l o p e d  t o l i a t i o n  and  s i n o t y
V cleavage. They have been metamorph oso’.l into sla t .’s and p h y i l i t . - s .

Coars er cla stics and mafic flows have be ll tran sform ed i n t o  F r a n  t , i d
V gneiss and amphibo lite. Th,’ Inn er Piedmont is s e p a r a t e d  by a .Iosc on—

tin u ity be tween quartz ofeld spat h ic gneiss and t h e  h i K ) o . - r  0’r.o l e 5i  ii—
m a n i te schist , gneiss and amp hibo li te . In catsi - In o s t i c - zon es , i l l
rocks are creno olated and broken with 50 170 ’ C V I  d u n c e  I f  r ’ - t  r Vm 1 ’ross Iofl .

~~,posi tiona l History :

20. The rocks in the region resulted from dep scs ition in a e~~’.’osyn—
clinal basin. The s o u r c e  area unde r g o i n g  e r o s i o n  s u p p l i e d  elastic
m a t e r i a l  to  a ma rg i n a l  basin much as p r e s e n t — d a y  sources  s u p p l y e m b a v —
men ts (Figure 8). During early to mid—Precambr ian time , and in tense
metamorp hic and compressi onal event transformed ti l e eugeosyncline j o t . ,

the present late Precambrian basement of the App alachians. In  l a t ”
P r e c a m b ri a n t i m e , a sec ,,nd c l a s t ic source a r e a  appeared. This sou~~~e
contributed volcanic rocks and volcanoo’ l a s t ic  s e d i m e n t s  and  is identi-
fied as an island arch— trench subduct ion system by Carpenter (l9~ t ) ,
Ha tcher (1972) , and others.
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PART I l l  — P R E C A M B R I A N  A N D  PA I . E OZ OI C T E C T O N I C  HI STOR Y

Or o g e n i e s .

21 .  A n c i e n t  o r o g e n i c  o ’v , ’ n t s  h,ive cj o ’ c t i r r ed as follows.

2’. P o s t  G r e n v i l l e — A d i r o n d z i c k  Iiistor 1. During the I’ ro’ c,ambri an , there
wa s d. ’ p o s it  io n in  eu g e o s y n c l  in a l  b a s i n s  w i t h  c l a s t  i c e  d e r i v e d  f r o m  a
e o i c c ,’ land r e p r e s e n t e d  b y Cro-nvi [le—Adjrondack Mountain s ( F i s h e r
19 7 0 ) .  A l s o , c l a s t i c  s e d i m e n t s  w e r e  d e r i v e d  f r o m  a l a t e  P r e c a m b r i a n
s e aw a r d  source  r e p r e s e n t i n g  a g e a n t i c l i n a l  w e l t  or v o l c a n i c  i s l a n d s .

2 3 .  P r e t a c o n i c  and T a c o n i c  Cy c l e .  D u r i n g  the Precambrian to middle
Or ciovician deformation and metamorp hism of the eugc ’osynclina l track
occurred. Following up l i f t , erosion occurred during the l)rdm ’vic ian
and intrusion of magma accompanied the Pal,eozoic cc-impressional ph ase.
By the late Ordovician or Silurian , la rge ovo~rthr cis t sheets moved
slices o~ deformed geosynclinal sediments toward the northwest.
Southern A ppalachian rocks remained hi gh while marine transgression
occ u r red  in t h e interior.

24. A cadian Cycle. T h e  A c a c l i a n  c y c le  was a l a t e  Dev ,nian to ‘ermian

phase of compression accompanied by continued deposition fro ’i’i the
r i s i n g  m o u n t a i n  s o u r c ’ . The Towali ga , Brevard a n d  o :oat Rock faults
were generated during this phase , as were the folds and faults in the
Valley and Rid ge and  Cumberland Plateau (Hatcher , 1972).

25. Triassic Events. After t h e  Acadi an orogeny . con eid ”rahhe erosion
f o l l owed up l i f t  of t h e  s o u t h , t r n  A p p a l a c h i a n  r e g i o n .  D u r i n g  t h e  T n —
ass i c , th~~s r e g i o n  was s u b j e c t e d  to t e n s i o n a l  f o r ce s  w h i c h  r e s u l t e d  i n
norma l f a u l t i n g  and development of grabens . These fault—bounded
s t r u c t u r e s  r e c e i v e d  c l a s t i c  s e d i m e n t s  f rom a d j a c e n t  h i gh l a n d s . Asso—
ciated wi th sedimentation in the g r ab e n s  we re  b a s a l t  i n t r u s i o n s  a n d
f l o w s .  In som e basins , normal faulting shows greater displacement

V along the southeast than t h e  northwest boundaries.

Fold_ Deformation.

26. St r o l e  t u r a l  , l e f . c r m a t  ion in t h e  s t u d y ar e a  i n v ol  V d b o t h  f o l d  i n g
and i C - t i l t i n g .  The a x i s  of the f o l d s  geno ,’~~ni L l v  run  s o o t h m w e s t — n o a r t ,h e a s t
as do t h e  s t r i k e s  of m a j o r  f a u l t s .  The d i p of  t h o - I - ’ I i ’ i t i . m n  and bed-
d i n g  i s  quit. ’ steep, and it is uncommon t c c  I i IT d  b e d d i n g  m d  f o l i a t i o n
p l a ne s  cl i pp i n g  lo s s  t h a n  Sib d e g r e e s .

2 1.  Tho ’ f o l d i n g  s t y l e  . mh s e r v e d  in  t h e  s t u d y a r e a  or  r e p o r t e d  b y
others is ,IS f o l  I

a. In t b ’  Bela ir belt , the st y le i s  one o f  s h a l l o w  n o r t l ~.’a s t
p lungin c folds with steep i-ne c lin al li mbs. Generall y , li mbs ar , ’
s t e e p l y h i p p i n g  t o )  t i l e  s o u t h e a s t .
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h. In th ,’ I , i t t l , ’ Ri’ ~’,’r C m - i ’ s , t I c  c r . - - I , , n I j n I I I , V I c l o t  - t v l , ’ i s  - i
-oo nj ,’s of vo - rt i c i  i s . o- I i n , a l  b I b s  w i t to c -u t I.- p lionp. ’ I - c  t h u  n ’ ’ r tbi —

- 1 s t , i t )  5.017, ’ C i S c ’s w n r t o  o’vi.bc ’ i i~~,’ c It ) . c I , ’p h . l - l , ’  fol 1m b’ , :ss , f o r  . ‘X ; i i n

p 1 - ’ , on t b t , ’ 5bo - Ic’ , fn i o I t  s - o i i . ’ .

c. T b o -  1 0 1  I St v i m ’ in t i e  K i o k , c ’ b - I t is det . - m c  i n - I  ic y a or o n i  1
antic lin e . Uow~ ver , at lb. ’ me SVc sc opi c I ‘ ‘vol , ricks h ay,’ “ - ‘ ‘il i ight l y
f o l d e d w i t h  s t e e p  t i - n m d c ’ r a t o ’ l , - ste ep dips. A I on ’ the n o r t h w e s t e r n
l i m b , the  r o c k s  h a v e o c i c l e r g o n e  pol y p h a s c -  l i i  i i  n g .  M u l t i  p 1cm p h n i ’s o ’s of

t o  [ding domi us to ’ ccn t a c t s  of b o t h  SI at ’ ’ and  K i ok,’,’ h. It r i , K - ,

1. I n  t h e C a r o l  m a  S l a t e  b e l t  ( H o w e l l  and P i n k I e , I 1 1 7 )  , t o p —

bottom criteria indic a t e a reg ional svnc line , wi th its ‘iSIS n c , r t t n w , - - n ~
of Pa rksv i I le , Soco t b  C a r o l  o na , i n t ime .irg iii i t o ’ . lb .- as i s  r ’
N 5d °E an d  p l u n g e s  10° N .  Fold sty les within the bounding fau lt -somo’ -

at M od oc  include isoclinal folds and drag foils. Fo l ’l s t y l , ’ f rV i r c

Pa rksvi lle , S o u t h  Carolina , to t h e  northwe st flank are cy l i n d r o i ’ l s l .

Ch arlotte Belt.

The Charlotte belt consists of southwest plunging assym e tri—
cal folds overturned to the west—n orthw est. Also present ar ~- ti ght
northeast striking i s cm c l i naL fol-I s. Griffin (l972a) stat u s t h a t , i t m
S c )V I t il Carolina , th e fold sty le in the Charlotte belt is prob l -m oi ti nil
becau se of poor exposure. The sty le appears to be one of upri ght
fol I ’d isoc lines.

Lc ow smci ,’’n v i l i e  Belt.

Griffin (1972a) believes the pattern in the Lowndoosville belt
f u l l s  is  s u g g e s t i v e  of  a general syncline including many small , t i 0 l i t ,
upright isoclines . The belt ends near the Savannah River , where th e
fo i ls p lunge to the northeast at 10 degrees. The belt suggests cy li n—
dr .ii . - I a I folding.

Inner Piedmont.

g. Griffin (1972a) shows the attitude of foliation within the
Inner Piedmont core to steepen toward the boundar y separating it fr,sc
t h e  southeastern flank. Moderate to steep di ps predominate along t h e
core while moderate dips are on the flanks. The cor e  also has locall y
s tm ’m ’ p .’r northwest di ps.

Jointing.

2i1 . Me.asc irc ’,I patt o t’ns in the stud y area suggest tha t oint ing is
gc’onl ’trica ll v related to fold i n g . Fi gure 9 s u m m a r i z e s  j o i n t  orients—
lions within the stud y area. Fiel d examination and corr elation of
joints with foliation sh,i w ri lixirn s of joint tro -noci s that c orrespond to
foliation on ixim a . Two clear maxima of joints li e at N 3s °W and N 50—
55°E. Aft e r extracting the joint maxima c ’r ri -sp on d ing to fo l h i n - c , the
r e c l i n i n g  pattern suggests compr ’-ssion al and ‘ -s t uom’ - io nal axes oriented
N Rb)—8YW and N M— 10 °E , respectivel y.
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Fault ing.

J9 . ta b l e  3 , F i g o i r o s  10 and 11 l i s t  m ap p e d  f a u l t s  i n  t h u  s t u d y sr ,’.i .
The three ona~ or fou l t zones ar, t b , ’ B r e v n i r d , T o w a l  i g a — L o w n d c s v  i I I. -—
K i n g s  M o u n t a i n , and (V m a t  Roc k—Mo m ob oc. Those ha u l  t zones ar- shown on
Fi gu re 10 with Table 2 listing their field char ,-o ct o ’ris t ims. In n o , f V I i —

lion to t h e  above faults , there are co th o r si gnificant features id e nti—
foo d b y G r i f f i n  ( 1 9 7 2 o )  as tectonic slides. ‘these slides aro ’ observed
to mark boundari o -s or discontinuiti o ’s in the strat igraph y and l i t h o —
Logy . Evidence for their existence includ es si l icified br m’c c ia z on es ,
abrupt changes in attitude of foliation , and discontinuity in mo’tamor—
phic and litho log ic facies. Their inferred locations and bo undar i,’s
are shown in Fi gure 11 .

30. The Belair fault located near Augusta , Georgia , is a reverse
fault on which metavolcanics have been carried up against thc ’ younger
Tuscaloosa Formation.

31. The Patterson Branch fault is interpreted to be a normal fault.
Although an earth quake of moderate magnitude occurred near this fault ,
it has shown no surface offset along its 7—1/4 km length. The cri-
teria for classification include strati graphic field relationshi p,
trenching and geophysical investi ga tion .

32. The faults in the Lincointon metadacite and associated rocks are
norma l faults. Geophysical and field evidence used to classif y thes c-
faults showed they are not active.

33. The Geolog ic Map of Georg ia (1 976)  shows the To wal i ga Fault to
sp l a y  into branches with one branch positioned northwest of the Rus-
sell Damsite (Figure 5). Field investi gation failed to confirm the
location as mapped by Penley and Sandrock (1973). It is suggest ed
that in the Elbert County area , the Towali ga Fault is obscured by tb m
Elbert Granite bod y and the Charlotte—Slate belt boundary (Fi gure 11).

19
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Sketch tectonic map of the Greenville 1 :250.000 US. Geol . Sur . two degree
sheet The Brevard Zone in Georgia is adapted from SMITH & GREEN (1968)
and in South Carolina from HATCHER (1969 b). The position of the Carolina
slate belt outliers is modified from OVERSTREET & BELL (1965, Pb. 2). slides
are from GRIFFIN (1971 d) and additional boundaries are by HANCOCK. V
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TABLE 2 — B R E V A R D , M000 G , AND I . O W N D E S V I L L E
DIJ CT I LE M Y L O N I T I C  ZON E C H A R A C t E R I S T I C S

1. Topographic Lineament

2. S t r a i g h t  w i t h  S l i gh t l y Cur ved Segmen t s

3.  SE to V e r t i c a l  Di p — Lowndesvii le Di ps NW

4. Rocks Within the Zone Subjected to the Same Defo nunational Histor y
as Those on Either Side

5. M u l t i p le St r a t i g r a p h ic  U n i t s

6. Conta in Catacla stic or My lonitic Features

7. Cataclasis in Differing Units

8. B a r r o v i an  Metamorp h ism R e t r o g r a d e d  to Green  S c h i s t — F a c i e s  Assem-
blages

9. Fundamental Structures of the Southern A ppalachian Orogen

10. Zones Change Character by Sp laying
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‘I’AI3LE 3 — FAULTS IN ‘filE STUDY AREA

M IN IM1 JM
MAPPED
L E N G T H  ±‘~ P~ 2 , ~JL!~_ AG E

FAULT ( M I )  FAULT TYPE (MAX ) 
— 

(MIN)

Moduc 79 1. Thrust b’a l - ’,,zojc L at e  D e v o n  i - i n
2. Strike—sli p to Permi ,an

Loundesvi lle 160 Questionable Paleo zoic L a t e  Devonian
R i g h t  L a t e r a l  to  P e r r n i a n
Strike—Sli p

Br ev no r I 450 1. Ri ght Lateral P a l e o z o i c  I . at , ’ D ev ~ ’ i u i a n
Strik e—S I ip to Permi no cu

2 .  D o m i n a n t l y
Di p—St ip

B e l a i r  F a u l t  l b  Reverse 50 M.Y .B.P. Quat ernary

‘a t t ’ r s o n
Br an ch -4—1 /2 Normal or Thrust Mesozoic

Diversion
Channel Fac u l t 4/10 Thrust 355 M . Y .  B . P .  270 M .Y. B. ’.

Linco lntc ,n
Type 

V
Metad acite 1 Norm,c l 598 M.Y.B.P.

1. Howell and Perkle (1976)
2.  H a t c h e r  ( 1972)
3. Hatcher (1974)

~o .  USGS ( 1 9 7 6 )  V
5. Secor ( 19 7 7 )
6. P a r i s  ( 1 9 7 6 )
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‘ A N t  ‘c ’ — N ) S ! — b ’ A ! I - u u Z O h O  S I  N F S N  H i S t O R Y

no d 1 c - it V~ 1 V 0 t pcc St — ‘ni I ‘ ‘ . 0  ‘ i C  S t  r ‘ - . u nc cod ‘ci co - cc  I l oW n c’ . -I r I
‘ n s i c  b as in . c c u l t i n g ,  J n u r i s s i c ’ .b i - u t ’ n i s , - u l i k , ’’ . n u u n c i  i - c w ’ - , , s i l ic e c u o us

. u l t r a c n v I . o n u t , ’ ch u k . ’ — ( f l i n t s  - :r . us b ,, - .b mc >c k c - b , ~o u:,ts , a n c b i s o s t a t  u .  r c - —
bound. A c - b o n go’ m c c c  a V . c o ’ I p r o -SS i v C f i o - 1.1 at cc, - end c u t  t h o -  Pa l - ’ c c z o i  c

0 c n n  ex t - O s  c o o l  h i d  c hc u r i cu g  t h c ’  ‘i, ’ s c c C , c j c  u s  s c u g g ’ ’ s t c - cl ny  t o o ’  f i r s t
n o r , ’ . ’ in ch  , c t ’ c r s .  I L , ’ ( i V O O c c L V c l ,  re,- c, rd m d i  n i t  - s  a l i t  c r  r et urn to
c o m p r e s s - ’,- . - te ctonics in at l ist solo,’ port ions of th o ’  A p p a l n c c - c c i a n s .

c c c i i  l u t i n g  ,l~~ta in cc ,~ southern A pp .sl n co Iu ia ii s c l c c , i ch a c l - - c r
r, ’ c V ’ o l s t r ’ I C L  ion V o l  St r o s s .  The T o r t  m o m s  n. , ’ems to be t r - o n s i  t i o na l  be —
t w  - 1 types of  stress I c ’ i h n n .

~
‘ au It B as in Do ye 1oj~ 

Os cot

35. Triassic tensional l c , r co ’s re su lted in norma l iau tin g and - i c ’ V O l ~~
opmo ’nt of grabens from ;, ‘ - c r e i n u t o  Canada (Fi~~ n re 8 ) .  ~r ah e n s  r , - .- ,u i v e d
clas tic sediments fronu t h e  adjacent highlands. Ha s - cI t intrusi ons and
flows occur also in n h - n e  basins. Known Tri n o s - i c basins include Laur—
en s Conty basin , Dunb arton basin , and Flo ro’nc,- b a sin. Since the
hounding normal faults parallel to the A p p a l a c h n i n  tren ch , the axis of
extension is thoug h t  t o  b u a v e  been  p e r p o ’n c l i c o u l a r  t o  tic , - -\ pp oula ch ia’ us

D i k e  F o r m a t i o n .

3’.. The extensional field continued thr cug h c ’ ct the Meso zoic. The
mo . , t  tern of A ppalachian diabase J i k c n s  h a s  been cited (May 1971) as
.‘vid enc,-’ o t extension during the brea k—up of North A m e r i c a , W e s t
A~ rica and South America. According ly , the dikes represent l i n c ’s of
tens i - o n  in the stress fiel d imposed on the cont m ental crust at the
onii c ’t of N o r t h  A m e r i c a n  s e a f l o o r  s p r e a d i n g .

Fl i n t s Cru shed Rock Zones.

37. Pos t—diahas e dike age siliceous ultrarny lo nite breccia dikes (FCR)
oc~~cu r throug hou t the Piedmont and Blue Ridge pr. v inc os of the southern
A pp ,il ach L cc c. These FCR dikes have been the s c u h ~~c ’m t c o t inconclusive
u~m i t i n g s  b y W h i t e  ( 1 9 4 t h ) , C o n I c - ’ , and  ) r n c 1 1 0 m c c O ( 1  -e, ’c l  , H a t c h e r  ( 1 9 7 4 ) ,
H a s e l t o n  ( I s i s ) ,  B i r k b u e a d  ( 1 9 7 3 ) , a n d  c c t l c , ’r s , w h c - , d e s p i t e  m a n y
d i i  t o r t - n c ’s , m o s t l y  a :m e e d  that t h e s e  f e a t u r e s  ar e :

a.  P o s t — o r o g e n i c  and p o s t — d i a h o u s e  i n  a g e ;
b. Are . ‘ - ~t e n s i o n a l  in  c c r i g i n ;
c .  Do O c t  seem to ot fs,’t contacts h o r i z o n t a l l y ,  but do verti—

ca l i v .

Es o cn i - les inc lude the Blue N i .h go ’ f r o n t  on a gracud scale and the Patter—
scor n Br ,-un c lu l i c c l t  on -i smaller scale. Pro’sc ’nt l y, these FCR dikes are
t n i k c ’n t o  in d ica te lat ,- M c ’ s ’ z o i c  to  e a r l y  T e r t i a r y  ,‘ x t o - n s i o n .
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( ‘ ‘ 0 / c  c It I t t  t .

it’ . - , , r n t c ’ I 1 1 1 t h )  h~~s s u m ’ , : 1 .1 th u. ’ 131 c c - - R t c b gc ’ Iron t t c c  4, - a harder
b i t  0!  -1  l r i a s s i u  b a s i n  r u t  o c t - c l  - t c c r i n g  t~~c ,  T I l l - c r y  boy c i ’ , r u n a l
f a u i l t i n g ,  h u t  presentl y o’xt ’ m i - c i v e l y  m c , cch b j u t  b ’, ,- r c , - - n i O n .  H a s c ’ i t o n
(1o 1 ~~) :u c ’r e e s  t b u n i t  t b u o ’  g c ’ c l . o g u c . i l  s i t i n g  V ’ ~~ the Bluo’ Ridg.o f r o n t
s u g g e s t s  i t  is a I n u c u l  t s c I r p .  b ’  s c i p p l e m e c ’u t  s Wh ito- c s o r i g inal a r c —
n t - n t  w i t h  n i n e  n o d d i t i c u n a l  p o i n t s .  Some n b j ’ - c  t i on  I c c  t h e  evu ‘‘none has
b e en  r a i s e d  b y H a t c h e r  ( 1 9 7 4 ) , c b c i c ’ f l y  b e c n u c m s o ’ c i e t a i  b - i  n a p p i n g  i n
Sam ,’ u r c -’ . u s  wt ic - r c ’  t h e  f r o n t  p o s s o ’s i c c -s  n o t  i nd i c a t -  t a u l  t i n g

39. M, - v c ’ r b u o f f  ( 1 9 7 2 )  i n d i c a te s  t h a t  a l t h o u g h b c . T r i a s s i c  f a c u l t i n n ’
w o n- a fn c V t u m  in determining t h e  b o u n d a r y  b e t w e e n  t h u . ’  B l u e  R i d g ’  an d
Pid -ch i nc V c n t p rovinces , i t  d i i  no t  a l t e r  t h e  g e n e r a l  d i r , ’c t i  ‘n c u r  p u t t - r n
, u :  t b u o ’  c i r - u j n , o ccc: ’ . This p a t t c - r i c  i s  b e l i e v e d  to  h a v e  been  ,s,- t  by t he
‘tOr cH , co do f .om:, c no t i o n  w i t h  w o n -  tu ’rui f l o w i n g  S t  r e a m s  i n  the s ou t h (Teunc’s—

,ic cu ’ R i s e r  s’;~ : . c j . )  a i c c i  s c i c i t h i c ’ , o ’ -n t  f i wing s t r e a m s  in  t h e  n o r t h  (Susq u,’—

h a n n a  S i v e r ) .  14cc l o c a l  s up e r p o s i t i o n  i f  t h e  e a u s t c s r n  f l o w i n g  S t r e a m s
h a s  t a k e n  p i n ’ - ’ - W i t h  .0 w ’ s t o r n  s h i f t  i n  tb ,  M e s o z o i c  d r a i n n u co c - d i v i d e
i n i t i a t e d  b y l i t e  T r i n u s s i c  f a u l t i n g  w h i c h  l o w e r e d  t h e  b a s e  e l e v a t i o n
i t  14,- P i e d m o n t .  S ap p ing  o f  t Ve Blue R i d g e  f r o n t  e f f e c t e d  an e v e r  i n —

cr - i c i n g  n o r t h w e s t e r n  m I g r a t i o n  ‘‘ I the d i v i d e  h - ’  s t r e a m  c a p t o r ’ - . I n—
t e r u n i t t o ’n t  up l i f t  and t i l t i n g  c e n t e r e d  a r o u n d  t h e  p r c ’ c c i s t e n t l y  h i g h
51 o. ~~~~~~~~ c o n s t a n t l y  keeps  t h e  ,‘a st e r n  g r a d i e n t s  h i  ghc c r t h a n  t h e  w e s —
t . - r ’ n . S lt h o u g h  t h i s  c o n c l c i s i ~~n i s  no t  e s t a b l i s h e d  as fact , i t does
s c m  ~ge s 1  no c o n t  i n c u e d  e x t e n s i o n a l  f i e l d  in t h e  M e s o z o i c , Ter t  i sr y  a n d
p o s ’u i h l v  i n t c r  t h e  Q u a t e r n a r - c .

,V i . A partial return to corn p t’essional t. -c tonics in the southern A pp ,’i—
I : u . n i c i a n s  d un  ig t h e  Q u a t e m n a r y  m ay  be scippnrted b y o v e r t  ir u s t  ft - n o t u r e s
su:h as t h e  B e la i r  fault. Th~ mos t  r e c e n t  s t a t e m e n t  r e l e a s e d  by t h e
), ‘:‘ar tc ’c c - n i t  n - f  I n t e r i o r  G e o l i g i - c V l  S o o r v e y * i n d i c a t e s  a c t i v i t y  a l o n g  t h e
f a c i l t  i n  t ’ i c ’ past ~1) M . Y . B . P .  , b u t  i I s . o v o w s  c l a i m ’ , f o r  Q u a t e r n a r y

in. ‘r en t .  Two other such features have been  i d e n t i f i e d  by D r e n n e n
(I ) ) ~t )  and by Ibcc w c ’ll and Z u p a n  ( 1 9 7 4 ) .

3 c m  m t  i n g .

SI . Sv s ~ . c o t  i c  ic - .ssurem ents of jointing in  t h e  c r y s t a l l i n e  r o c k s  of
t h e  S u v u c i n , -u h R i v c ’r d r n o i n ~o -ge c o n f i r m  t w i n  m a j o r  t r e n d s  ( F i g u r e  9) w i t h
one p r o b a b l y  r e l a t e d  to  e x t e n s i c i n n i l s t r e s s .  M a x i m a  b e t w e e n  N l0~ W t n
N iO ° E a r e  s V m g g c ’st ed  to  i n d i c a t c ’  s h e a r , but of  p r e — Q u a t e r n a r y  a g e .  As
in  m o s t  j o i n t  - o t c i d i e s , h o w e v e r , t i e  t- x . m , ’t age c c l  jointing is d i f f i c u l t
to ci et - ’r mc i ’re , m o d  j o i n t i n g  may  r e p r e s e n t  r e m n a n t  s t r e ss  r a t h e r  t h a n
c V c n r t e m p o r a r y  p a t t c ’ r n i .

*ilero c ,i t c ’r , the  D e p a r tmen t of  I n t e r i o r , G e n - I.noi ica t Survey  w o  I L  h e
shc wn as US ;S.
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C o u u t e i u u ; V c o r : i  cv  S t  r o n -  5,’s

42. Coi it ton c 1 o V c m n c r v  c oin pr ss -c iv u- - i r e  c F  t i c ~ - c’c p p . o t a c h i a n i  r ’ ’c ’ i ,cn bias
neon s c i c - ’c ’ ’ , t , ’ c h b y Sb ar  a c o c i  S v k - ’-  ( 15 7 3 ) .  t i c - ,’ in b e r  th uc it oo;istern
N .mr tbu m \merjca is under h i gh h c o r u e - c n c t . o l  str , -ss. Principal Stress is
- ‘r i ented nort - i  to  n o r t h e a - . t ~- r lv , a s - ,.’,- ii On c o y d  r d  r c~ t i on  u v e r c o r i n g

f ocal n - ba li ,’ sol u to c ouo .-c. P O W ,  - - ‘r , t h c -  r c a  i t s  in rb u , ’ A ppalachians
s c iu t i ,  of th e middle At l anti c st dt , ’s i n - m W  ~c c ui si-1 , ’rahlc’ sca tter and
‘c irce may o c t  be r el i - u tc b - - . ‘Flu.- n o ’ m r - s t  i n c - i  c c m c c ’ :m:, ’ n ts  t c o  the study area
i re at Lithonini , (, c ’ - c r e m n o , c o u c h  h o c !  Cr,’o’k n - c oi n ,, - c t c o r n i g c s  site in South
1,orolina. Uooker cinc i J c o t c m r s -  cn (I N ’ c ’t c a n o m i  Hook - r and Duval (196(1) found
in Georg ia the foll owing c l - i t o

Loc,or ic r n  B,urs c , i t i , o  S r - m c i ‘ml Rock Ty p e

0” C- i’
1 1 2 1

i t h ooia  102 1 . 5  1 8’ E G r a n i t e
Lilh oni .r l i i  1. 7 5’’)’ E Gn eiss
Doug lasvi ll e 35 1.8 5’ s ’ E Gneiss

I b a i m s o n  ( 1 -i b m ) h y d n c c f r , i c t i n g  a t  rood u~. r. ‘v I’ o c i sp  i t u r c i g e  S i t e  i n  a n e a r
suorface h m l~ on m n o d , u r - o t , ’ t o  s t e e p  ~Iu p -o- - t . ’ond ° 1 to be nor theasterly
and  ~~‘ 3 v n - r t  i c a l  . R e c e n t  f a c i l t p in i c r o  Sc ) . u t  i n o m -, c  I -r  c a r t  h q u a k e s  i n d i -
c a t e  t h e  f - i l I - w i n - c :

Loca t ion M u - c I O V d f l i n - n - -  ( o n - p r e s s i o n  ,‘ l i t  I . n o t i o n  
V

Char lestca n . SC T h r u s t  F a u l t  SE 5~ 1.
W i l l i n g tci n , SC Norm al Am biguc i cis 2.

St r i k c ’— E  l i p i —4  5 — S

1. fa r  (1)16 ) ; :. l a i w a n i  ( 1 9 7 6 ) .

The p r e c e d~~ng d a t a  a l l c n o w -, Snow ( 1  a c’ . t h i s  v o i V d c : c o ’ )  c c i  d e d u c e  tb’
s o c m c i c - - n o s ~ to  be a r ’-~’i , noo  of  m i ~~bi c c., r i z V o o c ~~n o i  s t r . ’s s ;  l o w ’ s ’ - -  r , . m t c , - r
,c n m t b o o r s  ( Sh a r  & Sy kes , 1 ) 7 3 , 1 9, -’ , c c , m - b  t o c o k e r  , 1 C E o , 1Y ’ 3 7 )  f i n d  t i c - i t
t o t a l  av- i  i l — h l e  i n  f o r - c i a  l i o n  S c i g g ’ s t  S t nc I rcou i i i  of  ‘a s t e r n  rnidd le
c\ l l a nt  ic  st a  t c o s s t r t - s s  f i t - I l  u nd t cn d t cn n -  an d  nn c ’ ,o s c i r c - c n e m r t S  i n c o n s  i s —
lo om ! l y d e m o n s t r a t -  h i g h hon /V -c t i l  ,tr,’s- - .

I n - - s t a t i c  R e b o u n d .

43 .  I s o a t n o t i c  r ob i n - S  of h i V e  southern A V p a l a c h l a n s  ha’c to be eon—
S I  b r — V t  i n  m d  ly s  is  of c u r r e n t  St  r ‘ c v .  i t  7 b c e cool of  m o c u n t s i  n b u i l d —
o n g ,  the s V c ’ i t c n , ’ n t o  Appalac ic m n o is or-- b e l i  ‘‘c c l t o  m c d v , ’ c i  ct-c it ‘vo n a
Cmor - o i l , ,r .IbIv thickened cr u st. M n l t l i m n  ( 10 / i )  c o n s i d e r —  t h e  c r u s t a l

n c - o n - tIe boundar y t o  he at S I  k in -i- jot hi u n d e r  L i m o -  P i , -c h r n m , oii t . (inserva—
tivel y , fr an l i i i ’  e n , b  of t h e  t c t , c n i c  c . ’ c n 1 c r . - s . s i o n a l p L a n - c ’ d u r i n g  t h e

~~~T i~ ~ TT ’U r TIi~ ~ ir~ ir~ Ai~,I_



‘_ m h . ’ . c , n o c c . c i i , - A p 1 u c o 1 c ~cb u i a o t  c y s t - -mm n o ’ ,  l o s t  i l i a c -  1, - v u  I c o o  :oo . - h s i c - cl ‘i )

kin I r ound i Is r - ‘- - i t I ,  n c o  - ‘ h  c- -i ’ ‘‘ii - V  - . tic 0 I - ‘cm -c ’ c m ’ ,  ,- cc)luun , - V  it - I - ‘ct i - s
( ‘v c ’r  2 1  k m - m n mo w- 0 ._‘n- o n  t i n , -  (Icon os I i i  P 1  coo , o , i b c m i  i ‘mm ii i a I o r c , m  r _ - : 0 .

not , ’ 1 t - c t ,o uo o~ iflc oV ’ - i i i c’ n l 5 W .  I t i n  t o -  c\ l V b a  I - o m i m u a n s  j r  ~~u i c l v  a r ’
r n - c  r i - I  bc - s i  i n  t h m ~ 0, , ’ , , ,  m t  r c  rd (ciw - , -u - o s , 1 ;u ;  M c ’ v ’ - r b i c c i f , 1 .72 c

m l  I n  I t o , ’ s - o c c r -  .‘ I a n , i  i n -  r , ’ c V c r V b , ’d i n  t ic - - h , - b u c c s i t  ion - il h~~s i n  o n

‘I m o a n t i t  u ’s c c !  c l - i s !  i ’ s  I t o  c i  ,L 1o c -n d  ujc Vr m t b , - tn t ’ o sity c c l  tic , ’ uip l i t t
a uo c l b asin wco rp i : m , ’ . 0w- u s ( 1 9 ’ c )  0 l O o m i s 7 n n , ’ V - ,or ’c - - n c n o t . ’ V i c - s  r -  -‘ O i l 0 ’
it s V - m . I x i m u n n  00 0 1 - cn n -  i n  F !  c o n i d a , 0 : g i n i , and South C a n a l  i n n  i n  t h e  t I

n-’ l
~~~’

’n- c overl ap . This is - o ; i o ’ r t - o o l  o h  n ) m m ’ ’’, - c o . ’-  i n  t b n o ’  s - u o j r , c - r c -i ’ i c c V .

During tire M i c c c ’n , ’ , the m i - - I l  P l a i n  r e c o r I  ~t o w n -  t h e  Cap. ’  Fe - o r  a r , i c
( F i ,’ c i r o ’  I ) foco rrjc , i ’ tb , no r t l owar i t r c o n n - -, n r , ’ s n - i , c or . C i a n - t i c  n i t ’ ,  m n - -
t b u m - n - c - - m t  in old t r , c u g t i — c  s u c h  con - t i c . ’ Scmw - c n . c o c n - t r a m  ts , i n - l i  - i t i n g

r- ’c o - - t i v c i t i o n  during .o p e r i o d  of  rc ’no -w - ,- i  up l i f t in th .- .s o u t c m  A p~- -ola—
cli i ann-

4’ . The host r,’ ,’ c n - r c j ’,’c i ina~~c o r t m - c t o n i c  up l i f t  w o n -  tic ’ ep i - - r c ,- - c i  i ’ m—

l i l t  ‘1  tim , ’ whm u lo A t l a n t i c  t h i c o s t a l  P l a i n  a n d  I ’ i c ’ c l m n c c o i t , pr ohno toi y s r m m n t —
tnt? in the l a ! - P l i o c u ’ m cc ’ . A l t b u o u g h  l a n g . - n- il , ’ c - o m s : a t i c  r ) s ’ -  mmc l - u i

- m l  s - a  1. - vs- i continued thrc ,mi g n tb i c’ P l € - i - - t m o~’ ’ i r e , a c ontinm i , ’ .b - ‘i n- ,’r,’ c- n c,-
is r , - c c , r d e d  in  o l d e r  c o a r v i ’ c l o s t i c s , n- t n - i n - i o n i c ’  h m - g h i . - r  t h a n  t o o - ’ o c m o t  -

‘c o o t , ’ d e p o s i t s .  The Plio c ri co t o o  Q mn 1 , - r n - d i n , - .3. p o s i t s  of  c o o n ’--
cb “ 1 ics c ion i ’ .’ c ’ c i  O n  c n n  tb oov  s o u t b r , ’r n  A p p a l a c h ia n s  are t h i n , w i c i ch  s . o g —

m n ! i n g  i n t e n s i t y  to t i c ’ ’ u p  h i t .

4’ , . a b u t - i t  ( l~Y’ ’ n )  u t i l i z e s  :he ab s en c c -’ o f  c l - m n - !  i c f— i c ic ’s .cmn cog 01 i —
c ’cn- c ’ c - ’ n c ’ so ’ci i ’icnts t o  i n d i c a t e  t h a t  so c ,b  m nnc , ’- r l , o ti o n moist havo- ‘‘n- ‘ a m - I ’ - i
i n l a n d  n on -  f a r  as t h e  B r e v a r d  c - n - n e  d u r i n g  a ric o i o n  01 i g i c o c ’ne t r n c n o -  —

s i n - n .  C o a s t a l  f a c i e s  h a v e  e v i d e n t l y  been c’room i c ’d n o w : / d u r i n g  c - c r e w ’ - .
up lil t . Cramer (l’t74) and N a n - c-s (1962) also bring out t h c -  s a m e  r.-’ I i

i on cc hi p in  t h c ’  C e n o z o i c  r o c k s  o f  Georgia a n d  t h e  G u l f  C o a s t .  ‘ l n c t o c - r
con ci A pp bin (I Li 71) find evidence I n i  i n n -  r n - c jug ~,‘awm i r b t i l t  cf t ic
m a r g i n  a n d  c o a s t al  p l a i n  in  th e s e d i m e n t  t h i c k ne s s  and  - 3~ posi ti.ui:o l
rec ord preserved in t o ”  basins and flanks of the A t lantic arches o n - i
c i s c ’s. Isc ’c t -iti c up lif t of the A ppal a ch ians accompanied by er o sion
and sco b seq -o c ’nt deposi tion on the marg ins has apparentl y b e e n  at  s c m !  I i —
c i ’ n t  in t - o s i t y  to  - ch ift mass centers towards the marg i n s  a nd t o  c a u s e
t i l t i n g  and down warp ing of the Coastal Plain. u p lif t and t i l t i n g  of
t im ’ - scuth oo astern flank can be a possible rnu ’c ia nis nn for contin oic -d con—
tc ’m ’c par norv extension centered i r c a c m i c i  the Blue Ridge , while t u e  signifi—
c a n t  in - high horiz ontal Stress reported by SL u r and S y k c -S (1973)
c o ntin o mm ’ to def orm the Coastal Plain. The western underflow of tb r e
mantle combined with isost atic rebound of limo ’ A ppalachi a n ma ss could
be responsible f u r b - m c - k ling of the margins and shear fai h ire of local
r i g i d  bodies , such mis reported by Lon g (1976) under the t o n - s t a b  Plain.
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PAR t V —LA R’ I’H QtI AK E A C t I V I T Y

Historic Ea r t h quakes

47. The dis tribution of h i s t m n i c  ‘,irt ioqu ,ukes iti the general region of
the Richa rd B. Russell site is shown in Fi gur o - 12. The earth q uakes
are listed by state of origin in I o b i e  4 along with their dates , coor-
dinates , in tensity, so urce  of da ta , and c,tbm er information. Intensity
is in Modified Mercallj (MM) units for the severest shaking. An
abridged statement of the Mi-f scale is contained in Fi gure 13.

Rela tion of Earthquakes to Geolog ic Structures

48. Hi storic earthquakes in the area of Fi gure 12 have not been re-
la ted to specific geological structures or to known faults. None of
the ear th quakes has had recognizable surface disp lacemen t. Desp ite
the considerable stud y, partic ularl y in the Charleston—Summerville
area , rela tionships between earth quakes and subsurface to basement
geology have not been developed.

Princ ipal Ear th quake Zones

49. Figure 12 shows ear th quake ep ic enter and seismic zones in the

V r-’gion. The Richard B. Russell projec t , as well as the Clark Hill and
Har tw,nil Lakes , are in the Piedmont zone. Adjacent zones are Blue
Ridge and Coas tal Plain. Tine Charleston—Sum munervi lle (South Carolina )

zone encompasses the small area of intense seismicity that is local-
ized in this small portion of the Coastal Plain. The earth quakes are
those in Table 4 for Charleston and Sumuui ervi lie , Souch Carolina .

50. The Piedmon t is large l y a reg io n of metamorp hosed rocks. The
3l’ae Rid ge , with i ts folded sedimentary series , bounds the Piedmont
along the Brevard fault zone in the Savannah giver basin. The Coastal
Plain represen ts young , gentl y dipp ing sedime n tary rocks. Its bound”
any wi th the Piedmont is somewhat inexact. The Fall Line , u s u a l l y
taken as the boundary , i s  foot directly t e c t u m o n c .  The boundary chosen
for this stud y is along a zero gravi ty li ne W I -  Ich was mapped passing
th r o u g h the area below Augusta , (earg is. Choosin g t I , i - o  boundary was
somewha t arbitrary yet more relatable to tecton oism LO l- - rms of bring
to an end the influence of the Piedm ont crystalline rock:- rather than
Cre taceous—Tertiary deposi tion and subsequent erosion. Coast il Plain
sedimen ts formerl y onlapped in to what i n -  now the Pi,’ circ cn- :ot.

51. Thus , the principal zones , in a g.’i . ’r al wan- , arc ro’lst ed to ohy s—

iograp hic provinces. Th,’ Char ’, o’st ’n—S oun ,m erv ille area , bm - ,.’s’er , is
unique. A t Ch ar leston—S ommm ervi lle , there is a concentration of seismic
ac tivity which is not observed anywh o ’ro - o l s o n -  in t h o ’  Coas tal P l u m .

52. Ear thquakes in t)m e B l c m e  R icbn - e , P i e d m on t , Coas t a l  P l a i n , and
Charles ton—Sum me rvi lb e zones , because they cannot be related to speci-
fic faul ts , are assumed to occur anywhere in their respective zones.
Th us , t h o ’  zones are interpr etc ’d cii c n o r r v i n g  “floa t ing ” ear th qu a ko-s
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Tabl e 4 Hi s toric Ear th quake s in the General Reg ion of the
Rich ard B . Ru sse ll Projett Site
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~~ g u re  13

M O D I F I E D  MERC A L I.1 I N T E N S I T Y  SCALE OF 1931
( A br i d g e d )  ( f r o m  B a r o s h ’ )

I. Not f e l t  ex c e p t  b y a ve ry few unde r  e s p e c i a l l y  f a v o r a b l e  c i rcum -
st an c e s  *

I I .  F e l t  onl y b y a f e w perso ns a t  r e s t , expec i a l l y  on r i ppe r  f l o o r s  of
bu i l d i n g s .  D e l i c a t e l y  su spend ed o b j e c t s  may swing.

I I I .  F e l t  q u i t e  n o t i c e a b l y  i n d o o r s , e s p e c i a l l y  on m o p p e r  f l o o r s  of b u i l d -
ings , but  many  peop le do not  r e c o gn i z e  i t  as an e a r t h q u a k o - .
Sta n d i n g  mo to r  cars  may rock s l i g h t l y .  V i b r a t i o n  l i k e  p a s s i n g  ,If

t r u c k .  D u r a t i o n  e s t i m a t e d .

IV . D u r i n g  t h e  day f e l t  indoors  b y m a n y ,  o u t d o o r s  b y f e w .  At ni gh t  some
a w a k e n e d .  Dj sto , ’s , w i n d o w s , doors  d i s t u r b e d ;  w a l l s  m a d e  c r a c k i n g
sound .  S e n s a t i o n  l i k e  h e a vy  t r u c k  s t r i k i n g  b u i l d i n g .  S t a n d i n g  

-‘m o t o r  c a r s  rocked  n o t i c e a b l y .

V. Fel t b y n e a r ly  e v e r y o n e ; m a n y  a w a k e n e d .  Some d i s h e s , w i n d o w s , e t c . ,
b r o k e n ;  a f e w  i n s t a n c e s  of c r a c k e d  p l a s t e r ;  u n s t a b l e  ob j e c t s  o v e r —  - ‘

t u r n e d .  D i s t u r b a n c e  of t r e e s , poles  and o t h e r  t a l l  o b j e c t s  some—
t imes n o t i c e d .  Pendu lum c locks  may s t o p .

VI .  F e l t  b y a l l ;  m a n y  f r i g h t e n e d  and run o u t d o o r s .  Some h e a v y  f u r n i t u r e
m o v e d ;  a low i n s t a n c e s  of f a l l e n  p l a s t e r  or damaged  c h i m n ey s .
Damage sl i g h t .

V I I .  E v e r y bod y r u n s  o u t d o o r s .  Damage  n e g l i g i b l e  in  b u i l d i n g s  of goo d de-
s i g n  and  c o n s t r u c t i o n ; s l i g h t  to m o d e r a t e  i n  w e l l — b u i l t  o r d i n a r
s t r u c t u r e s ;  c o n s i d e r a b l e  in p o o r l y  b u i l t  or b a d l y  d e s i gned s t r u c —
tures; some c h i m n e y s  b roken .  Not iced  by persons d r i v i n g  motor
c a r s .

VIII. Damage sligh t in specially designed structures ; considera ble in
ordinary substantial buildings with partial collapse; great in
poorl y built s t r u c t u r e s .  Panel  w a l l s  th rown  out  of f r a m e  s t ruc-
tures. Fall of chimneys , factory stacks , columns , monuments ,
walls. Heavy furniture overturned. Sand and mud ejected in small
a m o u n t s .  Cha nges in w e l l  w a t e r .  D i s t u r b e d  pe r sons  d r i v i n g  moto r
ca r s .

IX.  Damage  c o n s i d e r a b l e  in s p e c i a l l y des igned s t r o i c t u r e s , w e l l  d e s i g ned
f r a m e  s t r u c t u r e s  t h rown  out  of p l u m b ;  g r e a t  in s u b s t a n t i a l  b u i l d -
ings , w i t h p a r t i a l  c o l l a p s e .  B u i l d i n g s  s h i f t e d  o f f  f o u n d a t i o n s .
G r o u n d  c r a c k e d  c o n s p i c u o u s l y .  l ln d er g r o u i n d  p i pes b r o k e n .
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Fi gur in  13 ( C o n t i n u e d )

- 
X. Some w e l l — b u i l t  wooden s t r u c t u r e s  d e s t r o y e d ;  mos t  m a s o n r y  and  f r a m e

- st ruc tu res  des t royed  w i t h  f o u n d a t i o n s ;  g round  b a d l y  c r a c k e d .  R a i l s
- bent. Landslides considerable from r i v e r  banks  and s t eep  s l o p e s .
- S h i f t e d  sand and mud . Waste r spashed ( s l o p p e d )  over  b a n k s .

XI. Few , if an y ( m a s o n r y ) , st r u c t u r e s  remain  s t a n d i n g .  B r i d g e s  des-
troyed. Broad fissures in ground. Underground pi pe l ines com-
pletely out of service. Earth slumps and land sli ps in soft
ground . R a i l s  bent  g r e a t l y .

X I I .  Damage t o t a l .  Waves seen on g round  s u r f a c e s .  L i n e s  of  s i g h t  and
level d i s t o r t e d .  O b j e c t s  th rown upward i n t o  the a i r .
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53. The severest h i s t o r i c  e a r t h q u a k e s  in  t h e  cc , - i s n n i c  zones  a r c -  as
follows:

a.  B l u e  R i d ge Zone : G i l ’ s  C o u n t y ,  V i r ~, i n i a , m - . ir t hq u a k e  of
31 May 1897.  (The e a r t h q u a k e  was in the  Blue  R i d go ’ phy on i o g r a p hic
p r o v i n c e  but  not in t h e  m a p p e d  r c ’g ion  of t h e  R i c h a r d  B . R u s s e l l  a r e a . )
Ep icentral MM intensity is VI I ( E H I I S )  and V U — ’ ° I I l  ( B o l l i n g e r — V P I ) .
Fi gure  14 shows the  f e l t  a rea  of the earth quake. A r,’view of the
e a r t h q u a k e  has been prov ided by B o l l i n g e r  and Hoppe r  ( 1 9 / 1 ) .

b. Piedmont Zone. Union County, Carolina , ear thquake of 1 Jan-
uary 1913. Ep icentra l MM intensity is VI to VII (EHUS) and V II—VIII
(Bollinger— VPI). A map of isose ism ais of the L’ ncc ion County earth quake
is pro v ided  in F i g u r e  15.

c. C o a s t a l  P l a i n  Zone.  W i l m i n g t o n , N o r t h  C a r o l i n a , e a r t h q u a k e s
of 18 J a n u a r y  1884 and 5 March  1958.  ( O u ts i d e  of R i c h a r d  8. R u s s e l l
mapped a r e a . )  MM i n t e n s i t y  V ( E H I J S ) .

d . C h ar l e s t o n — S u m m er v i l l e  Zone. C h a r l e s t o n , South  Caro l ina ,
e a r t h q u a k e  of 31 A u g u s t  1886 had an ep i c e n t r a l  MM i n t e n s i t y  of IX to  X
( E H U S ) .  Isose ismals  of the C h a r l e s t o n  e a r t h quake  are  ‘,ho wn on F i g u r e
16. I n t e n s i t y  at  t he  R u s s e l l  s i t e  was MM V I I .  ( A d a p t e d  f r o m  B o l l i n —
ger , 1 9 7 6 .)  See Tab l e  6 f o r  a d d i t i o n a l  t r e a t m e n t  of i n t e n s i t y  d a t a
exper ienced at the  R u s s e l l  s i t e  from the  C h a r l e s t o n  e a r t h q u a k e  of
1886.

A ttenuation of Earthquake Motions

54. The a t t e n u a t i o n  of s h o r t— p e r i o d  s u r f a c e  waves  in t he  P i e d m o n t  w oo s
s t u d i e d  b y L.  T. Long and is c o n t a i n e d  in A p p e n d i x  1. Long ’ s equa-
t i o n , val id for  20 to  150 km , i s :

Log ( A )  = — 1 . 5 — 2 . 0  Log ( D )  + M

w h e r e  A is v e l o c i t y  in  m m / s e c ;  D is k m ;  M is R i c h t e r  m a g n i t u d e  de-
f i n e d  a t  100 km.  L

55.  An n a l t e r n a t i v e  g r a p h i c a l  s o l u t i o n , d e v e l o p e d  f o r  t h i s  r e p o r t  b y
E . L . Kr i n i t z s k y and F r a n k  K. Chang , is p r e s e n t e d  in F igu re  17 . The
g r a p hs were  d e v e l o p e d  f r o m  seven e a r t h q u a k e s  in c e n t r a l  and s,oimthea s—

t,’rn U n i t e d  S t a t e s .  D i s t a n c e  f r o m  sou rce , in k i l o m e t e r s , i s  r e l a t e d
to cha nge in MM i n t e n s i t y  for  med ium t o  v e r y  l a r g e  e a r th q u a k e s .  M b
(magnitude of bod y wave) is from 4.7 to 7.2 and M ( g e n e r a l  R i c h t e r
magnitude) is 5 . 5  t o  7 . 5 .

Historic Earthquakes at the Richard B. R i o s s e  11 D a m s i t e

56.  H i s t o r i c  e a r t h q u a k e s  f e l t  a t  t h e  R i c h a r d  B. R u s s e l l  S j t c ’ ar , ’ tab-
u l a t e d  in T a b l e  5. I n t e n s i t i e s  of e a r t h qo i.’ike s t h a t  a f f e c t e d  t h e  rc’—
g i en  d c m r i u g  h i s t o r i c  t i m e  were  i n t e r p re t e d  f o r  t h e i r  i n t e ns t t i e s  cit
t h e  R i c h a r d  B. R u s s e l l  D a m s i t e .  The sevc -r e s t  m o t i o n s  at  t ine s i t e  w e r e
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Intensity VI for the New Madr id (1811—1 812) and V II for the Cha rl eston
(1886) earthquakes. The Union County, South Carolina , earth quake u t

1 January 1913 was MM IV to V at the Russell Site. The Wi llln gt o n *
earthquake (1974) that occurred near the Clark Hill Lake was felt as a
MM IV to V. Thus , the worst historic earthquake shaking at the
Richard B. Russell Site was MM V II , which represents the Charleston
1886 great earth quako.. Only considerable damage in poorl y built or

badly designed structures occurred. Damage from the 1886 Charleston
earthquake is described by Baker (1933).

*This earthquake occurred near the small town of Wi l lingto rn , South

Carolina , and is variously known as the “Clark Hill Reservoir Area ” or

“McCormick County ” earthquake of 2 August 1974. Two) separate i 5 O S C O S

mals have been published by Talwani and Schi effer (1976) and Long

(1974).
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PART VI  — E X A M I N A T I O N  FOR A C T I V E  F A 1 ’L F S

57. Earlier Sections of this report h a v e  e s t a b l i s he d  t h a t  n a p p e d
faul ts are ancient ones which date back to orugenies during middle
Paleozoic time and to subsequent disturb ances during Triassic ,and
Ter tiary time. The predominating lith ol.og i’ s of metamorp hosed vol—
canics and sedi ments do not re adily show f a o il t o m due to thick saprolite
and vegetative cover. Th u s , fa ults are difficult to recognize in the
field , even thoug h strong gooop h ytmm i c a l  ‘vide roce indicates their pres-
ence. Most of the faults investi gated in cLose 2,roxirnity to the
projec t were exposed because of secondarc-y, cons ideration , i.e., loca-
tion of the diversional c h a n n e l, th ,e~~~c-resencC of an earthquake iii  the
vicini ty, economic interest, and so forth.

Associa tion of Earthquakes with Tectonism and ts.

58. Earthquakes are associated with fa u l t s  on th ’ basis of elastic
rebound theory . Strains build up in tho ’ rocks due to tectonism and
exceed rock streng th. The rock fails by slipp ing alo ng ci fault , and
the strain is relieved along the p la ne of the fault. Thus , t h e
strained por tions of the rock can experi c-’nmn e a sudden rebound. The
movemen t occurs elastically, and vibra tory motions (the earth qmi ak e)
a re set up .

59. The tec tonism which developed the faults in t h e  p r o j e c t  a rea
occurred early in geolog ic time. Considerable erosion has taken p lace
since then , bu t there has been no tectoni sm during the intervening
t ime and none is evident at present. Isostat ic rebound is occurring.
Its con tribution toward the ac i niv it ion of faults is believed to be
minor ; however , many of the small earthquakes , In te n s i ty V or less ,
mi gh t be attributed to isostatic rebound.

60. From the evidence provided by h i s to r i c  ear thq uak es , presen t—day
tectonism appears to be geograp hicall y res tricted to an irregular belt
along the coas t and shelf area. This tectonism is poorl y understood ,
b u t  t he  m a j o r  e a r t h q u a k e s  a t  C h a r l e s t o n  ar e  p r e s u m e d  t o  he the  res u l t
of fault movements along this zone of a c t ivit -~. The h i ’ .to ’ ric earth-
q u a k e s  have  not caused  f a u l t  m o v emo ’n t s  t i c c o t ar e  so ’o io n- c o  t h e  g r o u n d
surface. Such movement has occurred presumabl y in the subsurface.
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Definition of A c t i v e  Faults.

61. Faults are considered to be active if it is judged that they may
move at some tim” in the near future. For eng ineering, it means that
t hey  hove  the  p o t e n t i a l  f ’.” m o v i n g  d u r i n g  t he  l i f e  of a s t r u c t u r e .  The
p r i n c i pal  c r i t e r i uj i  f~~r m a k i n g  t h i s  p r e d i c t i o n  is w h e t h e r  t h ey  have
moved in the  r e c e n t  p a s t .

62. The Nuclear Regulator~o Commission (formerl y the Atomic Energy
Commission) uses the following criteria (1971 , 1973):

a. Datable movement during the past 35 ,000 years.

b. Datable movement more than once in the past 500,000 years.

c. Structural interrelation whereby a fault can be shown to move
if movement occurs on a different fault with proven activity.

d. Instrumentally determined macroseismic activit y relatable to
a fault.

e. Projection of a proven active fault through or into areas
where all evidence of the fault or its activit y is obscurred , as by
thick alluvium.

63. The International Atomic Energy Agency (1972) adds the following
criteria:

a. Evidence of creep movement along a fault. Creep is slow dis-
placement , not necessarily accompanied by macroearthquakes .

b. Topogra ph ic  evidence of s u r f a c e  r u p t u r e , s u r f a c e  warp in g,  or
offset of geomorphic features.

64. I t  is common in engineer ing  eva lua t ions  to ca l l  a f a u l t  a c t i v e  if
i t  d is t u r b s  any Holocene d e p o s i t s  (no  o lde r  t h a n  10 ,000 ye a r s ) .  D i s —
p lacement of s u r f i c i a l  g rave l s , rece n t swamp depo si ts , an d Holoce n e
a l l u v ium are accepted c r i t e r i a .  (The l a t t e r  includes  d i sp lacement  of
A and B horizons of soil , paleso l , saprolite—soil interface , and other
surface markers.)

65. A l l  of the above c r i t e r i a  depend on s u r f a c e  m a n i f e s t a t i o n s  of
f a u l t  moveme n t s .  F a u l t s  may move in the s u b s u r f a c e  and have no sur-
f ace manifestations. A lack of surface evidence is common east of the
Rocky Mounta ins in the United States and in Canada.

Map ped F a u l t s .

66.  De t a i l e d  s t u d i e s  and traverses were made across mapped faults and
l i n e a t i o n s  in order  to examine the f a u l t s  for evidences  of movement
(A p p e n d i x  D c o n t a i ns  s t u d i e s) .  No evidence of movement was seen.
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67. Local residents wo ’r , ’ q u e s t i o n e d  to  l e a r n  if they knew of ground
b reakage  ao oywhere  in  t h e  a r e a .  No one knew of any such events.

L inears  and L i n e a m e n t s . *

68. I t  is  g e n e r a l l y r ecoo~n i -i o ’d t h a t  most  e a r t h q u a k e s  of l a r g e  magni-
tude disrupt the ground surface l o call y. Since this disr uption will
of ten be localized along an existing fault and will be followed by
other movements along adjacent portions of the same fault , a m o r o  or
less  co n t i n u o u s  n a r r o w  zone of s u r f a c e  d i s r u p t i o n  develops  o v u ,  g’ lo-
gical time. These surface features provide excellent clues to the
seismic activity of a region. Long,  c o n t i n u o u s , n a r r ow zo nes i nd i c a t e
a hi gh degree o f  seism ic n oc tivity at the  p re sen t  t ime , wh i l e  the  l a c k
of such  zones  may s t r o n g l y s u g g e s t  a s e i s m i c  c o n d i t i o n s .

69. A c c o r d i n g l y ,  a t h o r o u g h s t u d y of the  g r o u n d  s u r f a c e  in the  Pied-
mont Province and adjacent provinces was undertaken as a part of the
stud y for the Richard B. Russell Project. In-ope ction of aerial photo-
g r ap h mosaics had revealed that the surface conditions were not well
exposed for the direct visual approach , and similarl y, the imagery
f rom s a t e l l i t e s  showed l i t t l e  p o t e n t i a l  for the  d e t a i l s  sought here .
I n s t e a d , i t  was  f e l t  t h a t  a d e t a i l e d  e x a m i n a t i o n  of t o p o g r a p h i c  maps
would prove mos t effective.

70. All available current topograp h i c  m a p s  w e r e  e x a m i n e d  in the
reg ion of i n t e r e s t .  These  raw d a t a  were particul a rl y useful in that
t h ey  e l i m i n a t e  t he  n e c e s s i t y  f o r  c o n s i d e r a b l e  s u b j e c t i v i t y  such  as
used  in  the  i n t e r p r e t a t i o n  of  a e r i a l  pho togrc ,r ’looo . Factors such as sun
ang le , s ea son  of t he  y e a r , a g r i c u l t u r a l  and c u l t u r a l  o v e r p r i n t s , and
p h o t o g r a p h i c  q u a l i t y  a n d  t e c h n i q u e  w e r e  c o m p l e tel y removed. The re-
maining subjectivity arose in jud ging whe ther features evident in the
topograp hy are actually related to geology and t e c t o n i c  h i s t o r y  or ,
ins tead , are strictly geomorp hic.

71. Topograp hic map coverage f o r  t h e  reg ion i s  c o m pl e t e .  In o n l y  a
few p laces is there a l a c k  of 7—1/2—minute quadrangle coverage , and  a t
these  p l a c e s , 1 5 — m i n u t e  q u a d r a n g le s  are a v a i l a b l e .  The contour inter-
val s are either 10 or 20 feet so that even the gentle top ogr ap hy of
the Piedmont Province is adequately revealed.

7 2 .  Over 1 7 5  t o p o g r a p h i c  maps  w e r e  e x a m i n e d  in d e t a i l  f o r  t h i s  s t u d y .
F e a t u r e s  or c o m b i n a t i o n s  of t o p o g r a p h i c  f e a t o i r e s  t h a t  a p p e a r e d  to have
a l i n e a r  n , l t u r o’ e x t e n d i n g  ove r  a d i s t a n c e  of a t  l e a s t  a few miles were
l o c a t e d  and  r e t r a c e d  on a base  map  of  t h e  AMS sen I s of t o p o g r a p h i c

*Linooar s , as intended in  t h i s  s t u d y ,  are straig ht to ’ato ires of  topog-
r a p hy ex t ”n - Iin g usually for a few mi lo ’s. Lineamen ts are long l i n e a r s
n o r  combinations of linear s . TIoo’ reader may find a ro’cent rev iew of
terminolo gy usefo il (O’lea ry, et al , 1976).
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m a ps c o y , ’ ring on, — by ta - — 1, -~- r o n ’ .o r u - o s  • P o r t  i ons c o  I t b  - S r  i , - s  p r o m —
v o l , comp i t o  oovo ’ m c o ~’ o ’  f o r  tho ’ a r - - u o f  j o lt . - r ~ - , t  . Lin e c oo o c , -oo t S o noc i ioj o . ’ in
t h i s  m a c b o o r h a d  I o ’ n g t l o s  o v o ’ r o g j n g  a p p r - - x o r u c u i t o ’ I y  to u r mi l ’ s , as So - o I l  l f l

F i o n o i r ’ ’ l’s . 1v ~’ i c a l  f e a t u r es  r e p r o ’ s u n i o - n l  by l i , o e , o rs  on t c o o ’  uon qo a r ’ :

a. Align ments oof rooind k n o l l s .
b . A l i g n m e n t s  of b r o a d  sn - o l d i e s .
c. Straight portions of stream v,olI o -y s .
d. Long strai ght embayments from 1-o k ’s.

73. I n  t he c o u r s e  of as se m b l y o f  t h e  d o t - -i , i t  wa s  b o u n d  t h a t  r h o -
t v l e  of  t opo g r a p h i c  l i n e a rs  c o n s is t s  of two  t y p o ’ s  of p a t t e r n s  e v i d e n t

t h n o u g h o o i t , a t  l e a s t  l o c a l ly .  However , t h e  d e v e l o p m e n t  of l i o n - o a r s  w o s
not  o c e a b l y  p o o r e r  in t h e  o n l a p p  n - co g y o u u i , - o ’r f o o r n o o , n o t i o o o i s  i n the s o o o o t h e , a s —
t o r n  p o r t i o n  of t h e  reg ion , i . e . , t he  I n - c o s t - i l  P l a i n  P r o v i n c o ’ . Coo ’
f l a t — l y i n g ,  s o f t e r  f o r m a t i o n s  i n  t h i s  p r o o v i n o - ’  a p p a r e n t l y w o r e  no t
c o n d u c i v ’  to  t h e  -1o’v o - l o p m e n t  of l i n e a r s.  I n  i n - i c E , some of t h o se  f e , o —

~o i r e s  s h o w n  on F i g u r e  18 a r e  p r o b a b l y  go - ’ n on -’ i . rp h i c  r a t h e r  t h a n  s t r u c t o o r o -
r e l a t e d .

74. Wi thin and adjacent to the Blue Rid ge Province in the northwest
c o r n e r  of  the reg ion , the development of topogr ap hic lineans impr oves ,
and no t all of those evident on the top ograp hic maps are s h o w n  on t b -
fi gcir e. The more systematic development in this part of the reg i o n
a p p e a r s  t o be r e l a t ed to the  more common occurrence ther e of f o l d e d ,
layered forma tions of different hardness and erodability.

75. The B r e v a r d  F a u l t  zone  (F i g o o r o ’ 19) a t  t he  northwest of the Pied-
mon t Province is expressed topograp hically by several linearnen ts in
the upper left of Fi gure 18.

76. Two patterns of linears stand Out in Figure 18. Firs t , there is
a p p a r e n t l y an evenl y dispersed pa ttern of linears that seem to fall
in two or more sets around any given localit y . Jsuall y ,  the two sets
arc orie nted at ri gh t angles and conform Eon the most part with the
structural grain of the Piedmont Province. One set trends approxi-
mately M 35 °W while the other overall prefers a trend of  about N 55°E.
I t is concluded from the present stud y that the evenly dispersed
linears represent a pervasive structural grain ooooo ife sted by differen-
t i a l  e r o s i o n  a l o n g  d i k e s , b e d d i n g ,  and  s c h i s t o s i t y  and  b y e n l a r g e m e n t
of join ts (Fi gure 9).

7 7 .  The s e c o n d  pattern of l i n e a rs  c o n s i s t s  of n a r r o w , c o n c e n t r a t e d
zones  of lineam ents extending considerable distances. These narrow
zones  c o i n c i d e  w i t h  k n o w n  s h e a r  a n c i e n t  z o ne s .

L b . Fi g u r e s  20 , 21 , and 22  show t h e  l a c k  oof sharp expression in

m enial ph ot o g r a p hic mosaics of two 0 1 - b  f a u l t  zones  a n d  the Belair
f a u l t .  F i g u r e  21  shows the  L o w n d e s v i l l e  b e l t  w h i c h  e x h i b i t s  t h e  b e s t
l i n e am o ’n t  e x p r e s s i o n  in a e r i a l  p h o t o g r a p hs w i t h i n  t h e  e n t i r e  r , - g i~’on ,
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4
o, j t l, t b o o ’ po o o n - s i h l o ’ o ’x c o o l o t  i O I i  0 ) 1  t In - c B r u v n - o r c n -  I’ o n - l i  -n - - 00 0nO . ‘Fl oe I o w c n - - n - o n - c -

n - - i lie In- .’lt , o o p o - c o m  a is I n -  o o o ’ - :i r  t ’ - : I t o O r o ’’-, o I l  - 0  t T o n - l o t  S hCO ” 11 t o o t i n - ’ Suv an—
-. 

- , n ah  Riv - - r .  C o o i o t m n u n - o t i o n  of this b e l t  s o o o t b o w c ’ c- t w a r o l  i n t o o  ( - - O O r g ILl i s
oo o ot evid ent in tIn ’ oo- ri ,, I p hot n oo r n o t c o s .  F n - ’ o n - o o- L I  i n d i c a t o ’ s  t b o e  po d —
t i m  o ’ t  the Mo - Ion -’ scone in H o ’ l. j t t i o ’  R jv o’ r - i  r’:. cot Ll: ork lii 11 I _ a k , - .

o S n ° o n - t I 0 W o ’~~t f r o m  t h e  ro ’s o ’ r v n o i r , ve ry l i t t l e  m d  i - - n - I t ion of  t i n - i s  zone  is
t o c o m n d  in the aer ial ph ot o g r a p hs.

- ‘a
7 9. F i g o i r o ’ 2 2  shows  t h o n -  p o s i t  ion  of t h e  ho’ l -o o,r fo oil t on thu outskirt s

on - f A u ’ o n - s t c o , l e e r - i d .  The f . m - u t In -as  l oo n- n - n -  n a p p e d  f r o m  i t s  o o c o r t i o o - , o s t
e x t r o ’n i i t v  at the Savannah River m o  t i c O’ o ip p er  p a r t  of the mosaic to its
southwestern ext i o ’ o b o i t y  n e c o r  t h e  n - d c , ’ oil El i ,, I i n - n - o r -, N c  ‘ ‘V o n l o ’ n c e  of
this fcoo o it can be f o u n d  in  t h e  n- ac r n - a l  pho’t n g r a ~n - i n- n-i , ,~in - I  n - , s t e m a t  i c
examination of topograp hic naps (Fig ur o ’ 18) indicat ed no t c c ; o - c n - r a p l o i c

expression.

80. The distr ib ut ion of earth qoiakes and n - - o ’ o n - o ’rn o l so c-’i s o o i c m t y  of  t h e
region ore summarized in Fi gure 12. Felt eart boq non - o k o’s for portions of
Georg ia and Sou th Carolina are summar ,z,’ n I in Ta: o le 4 (5 sheets).

81. The geographical dis tribution of e a r n - I n - ic - c  oie epicen ters in th u
Piedmon t Province shows no obvious correlat in - ’n- with the pattern of
linears . This i n-i an additional cool i r’n - i co n- i n-n °n of the soogg’ st ion above
that linears and lineaments are ro’ lat ‘ n-’l to go ’c_ io g i ca l  grain rather
than ground breakage from earthquake activity.

82. Thro ughout that portion of the Blue Rid ge Prov inco that falls in
the reg ion o n -f i.oi t -o r o at , no correla tion of eroicentral location and
Lineament pattern has been tno uo n - d . oL; c lc e n -n - L, n rs appear to be distributed
more or les s randomly in this province.

83. The d u-o o’ributi on and fault noech o n - on - s m deduced by T aI w n - on -i (1976)
for micros eism ic oc t iv i t v  f o l l o w i n c , ’ the n’ o g u s t  1974 earth q u a k e  sugge st
an ac tive surface stri k i n - o n ’, par.o j o -i to the structural grain.

84. Topograph y at this localit y n~ is n ’ ,o rc follv examined but revealed
no surface exp ro ’ss i o n .  L i n e a r  t o n ; c c o I : r n l p n y  or even cur f,o n - - scarpa mi ght
be expected to be associated with long continued activity a l o n g a
faul t.

85. It  is c o n c l u d e d  f r o m  t n - c o  stud y n - o f  t o  on - o n - o r n l p h t I n - a t  H o e  e v e n l y dis-
p e r s e d  l i n e a r  pattern repr on- c~o ’nots a ;n e rv. n - so v e s t r u c t u r a l  g r o i n  mani -
f e s t e d  by d i f f e r e n t i a l  e r o s i o n  a l o n g  d i k o - o n o , be dol in y , ‘ o n - - I  s c h i s t o s i t v
and  b y e n l a r g e m e n t  - n - f  j o i n t s .  On t h e  o t h e r  hand , t h e  n a r r o w ’  z o ne s  of
l i n e a r s  and l i n e am e n t s  seem t o  be a o n - s a o n - i a t ’- -i w i t h  known  s h e a r  zones  of
a n c i e n t  age.  No o l i n e a m e n t s  were  f o o o o n d  i n  t h i s  . s y s t e n o n - ot : i c  s t u d y t h a t
r es em b l e  t h o s e  a I  n - on - ’ p r e s e n t l y a c t n - v e  t n - o n - i t  zones in i n - t i n - n -o r  i’ o’g i on s  of
t h e  w o r l d .  No s u r f a c e  f e a t u re s  an- - r e  l a n - o n - o h  i n  t h e  r n - - g i n - n  to s u p p o r t
r e c e n t  f a u l t  a c t i v i t y  such  as has  been ‘- n I I n - g e c m t e d  f o r  t h e  Be l c i i r  fault
and the Patterson tranch fault.
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Act i v i t y  of F a u l t s .

Br- . Faults I n - e a r  t i l e  s i t -  show no o ’ v i d e n o ,- e o f  , o n - o y  i ’ - ’ ’  i l l  n - I o n - i i v i t v .
Included b e l o w  is the n-oummat j o I n -  n o b  sp o  c i  i i n -  n - o v e n - o n- c n - i n -  O l o n- w b o i d l
sn -n -u~~h t  e v i d e n c e  0 o f  r o-eo’ n -o t f a u t t  a c t i v i t y .

n-t o o l , n - , F n - o u t

- n - ’ . The Modoc t n - o u l t  w o - - o ’ x am j n e d  i n  t o - n - n - i l l  a l n - o : c ,° n - I n - , ’  - . o o o o r , ’oo o n -  n - h o b o

I i i  11 Lake and along South Carolina l l ig b o w a v  2 5  ,,u -l (o n - o r e  j a I i ~~n - n w  n- - - -

n-o n- ,l 7 - .

i-t b . No d i r e c t  e v i d e n c e  wa s  f o nd  indicating r eon - o ’ in -t n- n - I 0 00 0 ’ 1 . M°.’l n - n - n - m n- —

tic rocks and hig h l y ca taci a stic gneiss , ° ° I ’ o n - t t n - o o n -  .-,c-u i i S t °’ n - in - I

o l d e d  am p h i b o l i t e  w i t h i n  t he  zone h a v e  ii nd e r go on - n - o - a p n - ’ r i o t  - n - n -  n - - n - n - o n- r - u c -
t i v e  n - i c - f o r m a t i o n  and r ap id i n c r e a s e  i n  n - r o ’ t a c r o r p l c i c  o r - o l i n - - n - n - i .  Bo ’ d o l m n o ’
t h r u s t s  a - r e  f o u n d  and t r a c e d  s h o r t  d i s t n - o n c -- , ’ n, , as a r , ’ o n i o n - o r  o o f f s ’ -- t s
of s t r o k e — s l i p  t y p e  a l o n g  t h e  n o r t h  t r o n  n - t i n - i -,’ o i n - n - t  ‘ n - u s n -  - . A M  I n - ’  or

f e a t u r e s , o f f s e t  j o i n t s , and t h r u s t s  i n d i c a t e - n -  n - o o o o vo n f t  r n - ’ s t r i c L o - n - i  n - n - i
t h e  r e m o t e  g o o o l o g ic p a s t .  No e v i d e n c e  of  m v  ‘- - n - - n - . ’ i n  n - l i ”  ga st 10 ,011 (0

years w :oc n -  found in t h i s  s t u d y .  D e t a i l s  of this si n - n - n - v n - -no -
~ - n - t n - o i ned in

A p p e n d i x  3.

Faults in the Western Portions of c ue  P r o c poc- o o ’l Lake Ion -_ i c n - nd ”n-ent .

1-0 9 . The~~.st~id y of t h i s  a r e a  f o u n d  no o W l  n-- l e n,  n- of  n- o c t  i v , -  I n - I n - n - I t  I f , . H o ’
a n- oo p e  of  t he  s t u d y is f e l t  to  be u d o ’ q n - i a t e  wi con -  v c - - w o I i n  n - - - - t i : i n - t  or
t h e  i n t e n s i v e  i n v e s t i g a t i o n s  of n - o t l n - o ’r ,S~~n- c t l  Ca r  n - i  i n n  Lon - ’:o ’ s t  i .c-- a t n n - r a

The  - n - w n - o - i o o s v  i Ic b e l t , l i k e  t h e  Modoc Z o n e , o Cn- ni n- c o t  n - - h  n - n - o n -  r n - n -  c -ut  mn - ve —
n - n - n - i t • D e t a i l s  of t h i s  s t u d y is  c o n - n - s o n - n - on- n - in A l- I n - n - c i x  3.

d o v e r s i o o n  Channel Fault.

n-- I l ) . T o n - i s  f a u l t  e x p o s e d  in  t h e  d i v e r s  i c o n - n -  c h a n n - i o -  I n - o s  to o - C  l i m b o - I ~r - ’c -

30n - 5 M . Y . B . P .  to 270 M . Y . B . P .  A s t r e ss  h j y t n - ’r ’; a n n - n - o n - v s i s, i n c l u d i o n -’
- n n l i o m e t r i c  d a t s o i g ,  was  p e r f o r m e d  b y D r .  J n - i ’ n - o - s  c-c n - n - on- sno t , i - o u t  0 -St I a n —

t i c  D i v i s i o n  L a b , and n- - i s  r n - c  ‘r t  i s  i n c l u d e d  i t o  A pp e o n - - I i o  0 •

P a t t e r s o n  b r a n c h  F a u l t .

o n -i. The exi stn - ’no’e of t h o  l ’ - a l t ’ ’ r s o n  Branch t a u t  a n - n - c- I n - r a t  i no lica t n -° d

o ov - i - t a i l - h  mapp ing  c o n d o i o n t o - .l in- C n - o fl c o’( t m n n  o.- -  t i l  ,-if t e rs n- o coo n - k s t ’ n - n - ) i e s  o o f

i i i - 2 Augn- n - on -t 19 7 4  e a r t h q n - n -  F ’ ’ o r  ~ I l i n n - ° t n - n - n .  S i n c e  t I n - i s  I n - n - n - I t  was
o riented n - n - o r m I  l o t  t o )  one p o s s S i t o t o -  f a u l t  p i n - F -  s o t - a ’ i on r n- - 0 - n - I l , ’  ‘n-h o c~n- ,
i t  anon -— f ’ i i t I n - o - r  s t u d t - ’oI g’ - c o] o ( o l c n - o ) i y .  ‘In - 0 0 0 0 1 - . ’ - - i t W n o n - -  ~ - ‘ n - n - n - o - I  t o  h a v e
r o ’ c o ’n t l y  o c c u r r e d  a l n n o n -  n - h i ’- l o o n - n - .  An c r i - j o ’ p o ’ r n - d o ’ n - o t n- - v a I n - n - a n -  ~Oi1 I o n -  th os
f~~° ol  t by Dr. t in- n - n - n - i I S o - n -  - r  - I 0 1 1 - b - - I t  V o o ~ Sol o ’ 0 1 - 0 0 , 0 1 : 1 1 0 , I I  i n n -- I  n - n - o i l

i n  A~~p o ’ n d i x  3.
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Towa~c-j~oc i F a u l t ,  P r o j e c t i o n  in E l b e r t  and H a r t  COurl t Ii’s , 1, n - n - ’ n ’ t  n o .

92. [‘he Geolog ic Map of G e o r g i a  ( 1 9 7 6 )  sh ow -; n - l n - o -  ‘I o cwc ml i ga n - n - i n- n - I t  I

po ssibl y sp l a y  into two branches , one int ersect ing Il p st r o’ n - n -n-o n- t i - n - r n  l i m o -

proposed Richard B. Russell Darn and th n - ’ other Intersecting up st r o an-’n-

f re on t h ~ e x i s t i n g  H a t o t w e l l  Dam. Detailed examination n - u t i l i z i n g  F o l d

mapp i n g  and geop h y s i c a l  t e c h n i ques  f a i l e d  to r e v e a l  e v i d o - i r u o n -  l , c r  t i n o -

l o c a t  ion  of t h e  f a t i l t  as i t  is p l a c e d  on the  m a p s .  Shea r  Z O O m - S  mo d
FCR b r n -’ccia d i k e s  o c c u r  in the  a r e a .  No e v i d e n c e  of r e c e n t  m ov~ r n e n t
was  f o u n d  a l o n g  t he se  z o n es .

B e l a i r  F a u l t .

93. The B e l a i r  F a u l t  w,~ c- investi ga ted by t h n - -  C o r p i n o  o f  L i i g in n - o e r s  a n n - ’

t h o n- U S G S .  The C o r p s  i n v e s t ig a ted  t h a t  s e c t i o n  i n  F ar t  (n- c o r d o n  m i l i t a r - ’
b a s e  ‘w h i l e  t h e  USGS i n v e s t i g a t e d  t h e  p o r t i o n  of t h e  f a u l t  e x t e n d i n g
t h r o u g h R i c h m o n d  and  C o l u m b i a  C o u n t i e s , Georg i a .  I n  N o v e m b e r  l 9~~° n- ,

t h e  USGS a n n o u n ced  t h a t  the final results of t h e i r  investi gation i n - ’ o d i -c-

c a t e d  t h a t  n - fl o i Vo’n - n - im ’n- ’o t h a s  r’oa t t a k e n  p lace w i t h i n  the  l a s t  2 , 501) y e a r s ,
althoug h movement h a d  o c : ur r e d  w i t h i n  the  l a s t  50 m i l l i o n  v- - n a rs .

Detail s of this stud y is con tained in A p p e n d i x  3.
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- A R t  V I I  — I N  i t )  c l  ( H o  ~in - \ X IMI n -ln EAR ’l’HQI°AKE
Ckcl l n - N t c  “‘n - - I  IU5~ —n- A ,  l o i n  On -- \ M 0 I 1 E

n 4 •  H i o n - t o o r i c  so ’ i s i n - o i c i t y  wa s u s e d  n- os the basis for i n t e r l n - r o - t i n l ’, t l i o ’
m a x i m u m  € ‘ V o n t s  t o o t  c o u l d  be o - x p e n - - t e d  a t  t h e  d a m s i t e .

Seism ic R i s k  Z o n e s and M a x j m o o n - n - n -  Earih qtiakes .

95. Seismic Risk Zones , ft om Wil i c h  ~- , a r t  l l q o o k e  - vo n - n - t a  c an  Ho- e x p e c t - n - I

t o o H 0 - r n - - 1 ’ i s t - - n - , ’ n- °. , - it  tln-e R i c h a r d  B.  Ru ssn -’ll site , no ro ’ l iste n - I in T a b l o ’
In - . ti n - - se /, o 0 0 0 S  o r e  t h e  B l u e  R i d ge , P i e d m o n t , Coas t n - i l P i n - n - i n ,
10 on n - s n- o r n - — S c o n - n - r ” n -,’ o - o ,- I l i e  and N o w  Madrid (southeastern I t o  a s o u r  n m r n - ’ J  a ’ ) —

- - r ot - c o - n - i s ) . Maximum historic intensities cor n - ’ g i v o ’n t n - o r  each ,o n - ori o .

9 n - c~~ l h n -’ inaxi °n -iu i oo h i s t o r i c  i n t e n s i ty  a n - o s  t a k o - n - o  as t l n - o  b a s i s  I n - c r  t i n - ’ -
‘ n- n - n -~n- inn-urn -d I r t n - n -  I n - n - - I k e  that wi i ‘ur. ‘I t o , -  h i s t n - n -r i c  r e c o r d  n - - n - i  lare-

e v n - ’ o t s  is o n- n - i t h e order of 20(1 n e — n - r on- . t h e  i n c l u s i ve  a r e as  t n - O n - I t h - ’o’ .’ o ’
bo o -i n - In s  tn - I n- r ~‘d , t h e  coa t i r e  A t l an t ic  ( . n - n - n - i  n - no t ,’il Plain for o’x . io’op le , am— ’
c r y  T o r e - - . The l a r g o n -  a r e a  s h o u l d  c 0 0 0 n - o o o 0 0 0 n - s 0 t e  f o r  t h e  r e l a t i v e ly s h o r t
r o n - r d  in  ann’ on,’ p lace . The c o n c e p t  o f  r e v i e w i n g  a l a r ge  a r - c o  n - i n  0 ’

ex tended s t i l l  I n - r n - l i e n .  East n - n - f  [ h o ’  Rn-icky Mountains , there are onln- - i

f - ’w -‘or ’ ’as o f  s t r o n g  ( n - n - r t hq ua k e  a c t i v i t y .  ‘ l i o n - - s e  n - i t o ’ T I W  n- I a d r  i n - I , t h i n -
‘3t . Lniw rencoa V a l l e y , and Cha rleston. k’ithout t h e n - n - e  a ct i v , -  c e n t e r s  o n

W 1- o ich  s e ver e  n - n - n -  r t h q ua k e s  h a v e  o c c u r’-od , th e m a x i m u m  n - n t ,  n a t t y  o _ i f
e a r t h q u a k e  for t he  r o n - tn - ion en - t st of the R o c k  M o r n - i n - t i n s  is ‘ ‘ 1 1  ici  t i  n-n-
c o r re S p e o r i n - i i n t o  n- o r d e r  of m a g n i t r ,d e * ( M )  at  5.5 (Nuttli , 19 7 0 , p e r s o n a l
co i lunun i c a t i o o n ) .  An i n t e n s i t y  of VU t o  V I I I  i s  p o s t - d u n - e d  b y K - l l i r .—
n - n - n - i f- i to t i n - , - 1m m - on C o u n t y ’ , S o u t h  Carolina , e a r t i n - o 1 u a k o -  of  1 J a n u a r - --
19 1 3 ;  h n - ’w~~. - r , V I I  i s  t a k e n  to  be [lie val u e of tho’ T n-o n-a i I n - i n - n - n n -- o ’ r inn - ’
(1972) and ‘-“I to o VI I io n - g i v e n  by the  C H U b  (Co n - T ) r n - a n  a n d  ‘ e n - i o u  I -b k , - .
19 7 3 ) .  T h c , o o e n- n- an V I I I  may bo’ n - n n - - r p r e t e d  b ea u s , ’  of some l o c a l  suscep-
t i b i l i ty ,  a s t r n - o n - i ~~ VU  appear-n-n- to  be the most l i k e l y maximum n - n t e n s i t v

t n - o r  n-’arth qrm ok- .’ effects in t i n - c s  r eg i o n .  For  t h e  C o a s ta l  P l a i n , the in-

t e n s i t y  i s  V t o  V I  and is closer to M of 5.

9 7 .  In M O o ’ :n-nos of ve ry  s t r o n g  s e i s m i c i t y ,  C h a r l e s t o n — S u t n m e r v m l l e
- i n - i N e w  M n - r i n d , a g a i n  t h e  m a x i m u m  e a r t h q u a k e s  are  i n t e r p r 0 ’t ed  t o  he
eq u a l  t o )  t i e  n a x i m u m  h i s t o r i c  e v e n t s .  The Ncw M a d r i d  e a r t h qu a k e s  co l
18 1 1 — 1 8 1 2  a rt - c o m p a r a b l e  t n -  t h e  l a r g e s t  t h a t  h a v e  occocrr -e h in Nn -n - rth

America cx lud ing t h e  A l a s k a  earth quake of 1964. T h , - N n - °w M a d r i d  ar -n - ,

c l e a r l y does not  h ove a ono rn - n - o rab le potential in magn itude , but the

*Mi gn itu de (Richter scale) is calculated from a standard eart ln -q iia ke ,
one w h i c h  provid e a maximum trace aon p l i t ude  of one m i cr o n - oo o ’ t n - - r n -on a
Wood— A n d e r s o n  t o r s i o n  s e i s m o g r a p h  at  a d i s t a n c e  o n - f  100 km.  Mn -n -~~n i t u d o ’
is  t h e  i n --ag of  t h i n- r a t i o  of  the amp litude of any earth quake at t i n - c
s t a n d a r d  d i s t a n c o ’  t o  t h a t  of  tn - t oe s t a n d a r d  e a r t h q u a k e. E a c h  f r i l l
n u m e r a l  s t e p  i n  the  s c a l e  ( 2  t o  3 , f o r  examp l e)  r e p r e s e n t s  an e n e r g o ’

inc ro -a s e  of a b o u t  32 t imes .
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historic intensity ol >n - 1 f o r  N o w I~leo I i  i d  w ,s nor - - x n -  o - o -ded  i n  t I , ,  A l  n-o~~k co
e a r t h q o o a k e .  Fo n - r  t he  ‘ h o n - i r l e s t o n S n - o m i n e r v i l l ,  n - I r o n- i , ,n-i m a x i m u m  i n i o -n s i t ’ n-’
, o f  X is assumed on th o - b a s i s  of  t h e  l M b O o event.

98. In none of these seismic risk zones is i t  p o s s i b le  to ro strict
the maximum earth quakes to id e ntitiabl e faults. Thous , the a ssumption
m u s t  be made  t h a t  t h o - e a r t h q u n - o k o ’- , coon -  o c c u r  a n y w h e r e  in I I n - a - i t  ro ’ ’o p ’ - r —
tive zones.

99. In the P i e d o n - i on - o t , t h e  maximum e a rt h qoo ako ’ , with an in t o - nsity of VII
and a correspondin g magnitude of 1 .5 c a I n -  o c c u r  a t  t h o ’  s i t ’ - . ( T h i s
premise is  based  u p o n  t he  m o s t  sn - - v , ’re h i s t o o r  i c  s e i s m i c i t y  a n d  t i n - , ’  w o r k
of Long (1976) , bo n -° o i od in A ppe ndix 1). Thoos , in TahI o n- n-n- zero dis-
tance is shown. The focal depth is taken to be 5 to 10 km. The
faulting is rev er’n- n- ’ , or thrust , since the rocks are in compression (et
S b am  and Sy kes , 1 9 7 3) .  Table 6 is on page 61.

100. Table 6 shows distance in kin to t h e  n e a r e s t  h o u n d a r i o - s  of th o-
Blue Ridge , Coas tal Plain , Chanles ton—Summe m vi lle , and  N o w  t n - co n - h i d
zones. Maximum ear thquakes for each of these zones have ben - -n attenu-
ated to the Richard b . Russell site , and si te intensities are given.
These values represen t the worst earth quake effec ts that can be cx—
pec ted at the Russell site frooo the specified seismic risk zones.

The Problem of Reservoir—Relat ed Earth quake s.

101. Abou t 30 reservoirs over n- he world have exp - -rienced seis mi c it o ,o

whi ch may, in some cases , be rela ted to reservoir loading and in other
ca ses be unrelated. Many hundr n -’ds of ro’so’rvoirs have experienced no
seismic i ty.

102. A concern a t the Russell site is the question of possible in-
duced seismicity. A connection hos be en - n - made between the presence of

F dams and earthquakes. USGS , Branch of Ear thquake Mechanism in Wash—
ington , DC , is cri tical of reports that link damsites and earthquakes
b y s t a t i s t i c a l  i n f e r e n c e .  D r .  J a me s  Devine , USGS geop hysicist , con-
tends that these reports fail to take into account background seism i—
city, or quakes t h a t  w o u l d  o c c u r  r e g a r d l e s s  of dams b e i n g  b u i l t .
Devine stated that the places you build dams n-o r ,- also places whern-
there are often en -orth quakes ( S a n  F r a n c i s c o  E x a m i n e r , J a n u a r y  1 9 7 7 ) .

103. A t a b u l a t i o n  of 300 r e s e r v o i r s  c o r o u n d  t h e  w o r l d  w i t h  h e i g h t s  of
over  100 m e t e r s  show t he  f o l l o w in g :  Two h u n d r e n - i  noo n - n - I n - o x t y t- i ght show
no c h a n g e  in  s e i s m i c i t y ;  t w e n t y  h ave ‘ n-t n - n - n - won - i n c r - , o s n - ’ in  s e i s m i c i ty  of
w h i c h  f i v e  have  had  d e s t r u c t  i v”  e a r t h q o o o i o - c .

104. The r eco rd  f o r  P i e d m o n t  P r o v i n c e  r e r n - -~r v o i r s  is  as f o l  t o w s
F i f t y — n i n e  r e s e r v o i r s  e x i s t  in t b , - A p p a l a c h i a n s ;  t e n  oif t h e  f i f t y — n i n o -
have  h n d  minor earth quake (s) after i m p o u n d m e n t ;  one a t  t n - n - , -  t e n , C l a r k
H i l l , has  had  two f e l t  e a r t h q u o k o ’s.  One o c c u r r e d  i n  1 0 0 , 0 o n - -i dis-
tance from the dam which would preclude induction; the n- o th e r , at
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W i l l i n g t o n , S o u t h  :n - o r o l i n c i , 9 1 . , is discussed i n  P a r a g r a p h 106.  The
o t o u r  reso - r v - n -  o r - c  C o o l  b e f u r t b o o - r  s u b d i v i d e d  to  s I l o o w  t h a t  s i x  of t h e  t e n

b i d  n u t  e x l n - n -’r O o ’ u o n - o ’  t h o ’  e a r t h q u a k e  u n t  i I s o - v e I l  y e a r s  or f l a r e  a f t o -  r im-
p o u n d m e n t  , ann - b  E n - o u r  of t h e  t e n  d i d  no t  e x p e r i e n c e  t h e  e a r t h q u a k e  u n t i l
t n - o n - o r  yo ’ .or s a t  t e n  i m p o u n d m e n t  . S i n c e  r e s , o r v n - n - i  r — i n d oj c e d  e a r t h o b oj a k e s
a p p e a r  to occur upon reservoir filli n g onol for five to ten year- n-
afterwards , b u t  n - i re  no t kn own t o o  h a v e  o c c u r r e d  10 to  20 y e a r s  , i f t e r
i m p o u n d m e n t , t b -  r e c o r d  f o r  P i e d m o n t  l’ r o v in c e  r e s e r v o i r s  i n d i c a t e s
t i o , o t  t hey h a v e  n o t  s h o w n  i n d u ce d  s e i sln i c i  t y ;  r a t b l o o r , t i o o -y on l y r e t  l e c t
t }o o ’ n a t u r a l  s e i s m i c i t y  of  t h e  reg i o n - o n - .

E a r t h q uak e s  a t  C l a r k  H i l l  R e s e r v o i r .

I n - O h . Two f e l t  e a r t h q u a k e s  h a v e  o c c u r r e d  n e a r b y in  t h e  C l a r k  H i l l
a r ea .  One was t h e  MM I n t e n s i t y  V t  e a r t h q u a k e  a t  L i n c o i n t o n , Georg ia ,
on I Na v o-o n - thn- ’r 1 87 5 , a b o u t  25 km f r o m  t h e  R u s s e l l  s i t e .  Thn -’ o t h e r  was
t h e  W i l l i n g t o n , G e o r g i a — S o u t b o  C a r o l i n a , e a r t h q u a k e , I n t e n s i t y  >00 of
2 A u g u s t  1 9 7 4 , w h i c h  was  a b o u t  15 km f r o m  t h e  R u s s e l l  s i t e .

106. The f i r s t  ea r th q u ake , in ln-M 5 , occo orred long b e f o r e  t I l e r , -  was  a
c- e n - n o e r v O i r  on t h i n - ’  S av a n n a h  R i v e r .  The second , in  197- i , o c c u r r e d  in  t h e
e n v i r o n s  of  t h e  C l a r k  I - b i l l  L a k e ;  b o n - a w e v n - n -r , C l o r s  H i l l  h a d  h o - n- - n  i n
n - n -; o o-ration t h e n  f o r  21 y e a r s .  The l o n g  p e r i o d  of t i m e  b e t w e e n  f i l l i i n - o o
n - o f t i n - ” r e s e r v o i r  nod t h e  o c c u r r e n c e  of t h o ’ 1974  e a r t h q u a k e  i n d i c a t e s
t I n - a t  t t n - e  e a r t h q u a k e  is i n d e p e n d e n t  of t h e  r e s e r v o i r .

“ I i c r o e a r t h qu a k e s at  C l a r k  H i l l  L a k e .

1 i o 7 .  The 1 9 7 4  o ° r o r t h q o o a k e  w o s  f o l l o w e d  b y  a s e r i e s  of a f t e r s h o c k s  i n
t h e  t o r u s  of  m i c r o n - - c o r t h q o i ak e s  ( e v e n t s  so s i n - o i l  t h a t  t l r o ’y n o r , ’ f e l t  o n ly
b y i n s t r u m e n t s) .  These  o n i c r o e a r t h q u a k e s  w e r e  o b s e r v e d  i r r t o ’r m i t t a n t l v
by Talwani (1976 ) during a ° 1/2— m onth period afto ’r thn-- earthquake.
The r o ’ s o a r v - n - i r  l e v o ’l h a d  a n i s o ’ of f i v e  f e o n - t  i n  t h r e e  oLin-- s d o o m i n g  a
p - r i  n od w ’ n - o -n  n - a b s er v a t  i o n s  ~e r n - ’ b e i n g  m a d e .  T a i w a n i  n o o t  oc , ’d  a c o r r o , n - s —

F ponding in- orease in seismic activ it y w n - i i n -  a 2 d , o o l a g .  T h i s  s h o r t
p e r i o d  n - o f  n - o h s ” r v n - o t i o n  i s  i n s u f f i c i o o o o t  to  d e m o n s t r a t o -  a c o n c l u s i v e
r o - 1 . - i t i on s h i p  b e t w e e n  t h e  sma ll r ’ - _ i o - r v n - n - j r  rise of fiv e f , n - et in three
d ay s  an- I  tn - i o n - increase o n  m i c r n - o o ’ n - i r t h q n - o n - o’s n - - a c t i v i t y .  F u r t h e r  o b s e r v a —
tions are d e s i r a b l e  a n d  a r e  t o e i n g  mad , ’  t o  e s t a b l i s h  b a c k g r o u n d  l e v e l s
n - o f  local micr os o ’ismicitv.

I n - b . The on n - icr fl oe .arth quakes have occurred n -n an el l i p t i c a l  z o n o n- w h i c h
trends n o r t b o o ’ -i st to s o oo t l o w o ’ s t .  The m a j o r  a x i s  is  a b o u t  f i v e  km i n
l e n g t h , ann - I  t h e  m i n o r  a x o s  i s  ah r , u t  O w n o  io n-n a c c o r d i n g  to  B r i d g e s
( 1 9 7 5 ) .  T h e  m i c  r o e a r t h n -n- o o a k € - s o r ’  shal I - o w .  Th o ’v  a r ’  most n-im erous a t
f r o m  n - t i e  n e a r  s u r f  i n - n - - , o n - n o ’ — t o - o l n -  t n - i one k -’r , t o o  about fiv e km (Long,
17 December 1-Mb). They di rr tin ish in noomber with depth an d  d i e  ou t  a t
a h o o o t  20 km. Thi- zone forms -i s”ismic hotspot. Its locat ion is

F r n - o o o o ; h l y a l c o t o g  a b o u n d n - o r y  b , :  W O ’ o f l  t w o ,  zone s  o t  m e t a m o r p h i c  r ocks , t he
‘n - n -o r ,n - li na slat e ho n -I t arid th o- Charlotte belt. Co o on - n - pcn - s i t e  f a u l t  p l a n e
n - o o lu t i o ns of a f t e r s t o n - o c k o n -  sh ow ‘hat the nn - n - ’vo ’on-n- ,’n ts are striko sli p and
d i p s l i p ( s e e  S c h e f f l e r , I n - I n- i).
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1 0 - 9 . C o m p r e s s  i on a  1 n - m ob t n -°ns  ionco 1 f o r c o ’s oro a v w o rk togerho- r in this
p o r t  i on  of the P i edn -rn ooo t . One c o n  vi  sun - u  I i ze ‘n- S i  t o o , o t i o n , ,ik in t oo that
of n -i g l a c i e r , w h e r e  t h o ’ re  is f l o w  at  d e p t h  t h o r o u g h a p r o o c o ’ ss  on - f  p l a s -
t i c  d e t o i r m a t i o n  in  w h i c h  t he  f o r c e s  ore compr o ’ssiona l. Near the
s u r f a c e , t h e  g l a c i e r  is s h a t t e r e d  w i t h  f o s s o o r e s  and  c r e v n - n - s s e s  r n - - j o t - —
s en t i n g  c o n d i t i o n s  of tension. The c o n t r a s t  i s  t b n - o ’ r o ’  b e c a u s e  m o t i o n
is n o t  u n i f o r m  t h r o u g h t t oe  s e c t i o n .  S i m i l a r l y ,  In to - rn - i l mo t i o n s  in
zones  of r o c k s  in  t h e  P i e d m o n t  may be t a k e n  up  b y a s o r t  of p l a s t i c
f l o w . A d j a c e n t  r ocks  w i t h  d i s s i m i l a r  p r o p e r t i e s  of d e f o r m a t i o n  may
not defor m in concert. The nondeforming material may tin -en behave as a
b r i t t l e  s ’j b s t a n c e  and s h a t t e r , p r o d u c i n g  m i c r o e a r t h q u a k e s  w i t h i n  a
n a r r o w , s h a l l o w  zone  a k i n  to  the  c rev a s s e  a r e a s  of a g l a c i e r .  At
depth , the rock may deform p lastica lly and not  be n - o c t i v e  s e i s m i c a l l y .

110. 4 model , similar to that described above , would exp lain the hot—
spot of s e i s m i c i t y  a t  C l a r k  H i l l .  I t  w o u l d  e x p l a i n  t n - ro n - shallow , iso-
la ted character of the hotspot and the absence of hotspots at other
areas , notably at the nearby Hartwell Lake.

11 1. If the above concept of a hotspot is valid , the model is self—
li miting with regard to the maximum earthquake that can be generated
in a ho tspot. The dispersal of movement along a zone of shallow
fa ults presupposes a dispersal of the energy available for earth-
quakes; therefore , there will not be a buildup to a very large earth-
quake.

Calc ulation of Maximum Induced Seismicity .

1 12 .  A p p e n d i x  1 c o n t a i n s  a t h e o r e t i c a l  a n a l y s i s  p r e p a r e d  b y D r .  L. T.
Long for defining the maximum value for a possible induced earth quake
in t he  P i e d m o n t  area of the Clark Hill and Russell Lakes. Long p l aces
limits that define a maximum earthquake by limiting the size of activ—
ity on a fault plane to  39.5 km in accord  w i t h  the e x t e n t  of m i c r o —
ear thquake activity observed near Jocassee Lake.2 M i c r o e a r th q ua k e s  a t
Clark HIl indicate a fault plane of abou t 10 km • The stress drop
e s t i m a t e s  f o r  th~~~e e v e n t s  is s i x  b a r s .  For t h i s  c o m b i n a t i o n  of  s i x

F ba rs and 39.5 km of a c t i v a t e d  f a u l t , a ma ximum m a g n i t u d e  of 5.6 is
c a l c u l a t e d .  The v a l u e  is c o n s i s t e n t  w i t h  the  m a x i m u m  m a g n i t u d e  of 5 . 5
p r e v i o u s l y c i t e d  f r o m  s e i smic  h i s t o r y .

E v a l u a t i o n  of P o s s i b l e  I n d u c e d  S e i s m i c i t y.

113. Though a maximum induced earth quake can be postulated , equal to
the maximum seen in the historic seismicity over comparable portions
of eastern United States , there is no reliab le and proven method in
the present state—of—the—art by which to say that an induced earth-
quake w i l l  or w i l l  no t  occu r  ( c f  r e p o r t  on i n d u c e d  s e i s m i c i t y  b y
D r .  D a v i d  T . Snow in  A p p e n d i x  1 and c r i t i q u e  b y Don C. B a n k s , F r a n k
McLean and E. L. Kinitzsk y). The most conservative anal ysis is to as-
sume that an induced earth quake w iil occur and that it will occur at
the  dams i t e .  Tab le  6 l i s t s  two e a r t h q u a k e s  a t  t he  dams i t e .  One is
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for no reverse fault n-n cccor d wi tb n - t b , ’  regional tectonics. The otbn -er
is a tn - o s ional fao il t . Thu tens io,nal t , o nil t  i s  in  a c c o r d  w i t h  ‘n - h oe in-
terpretation front afters h ocks in the Clark Hill area. Both events are
magnit ude 5 .5, NIl In tensity V I I , n - o r- I w i th focal depths of 5 to 15 km
for the thrust fault and 1 i n - ’ 10 i o n - u  t n - o r  t i n - , -  n o r m a l  f a u l t .  M a x i r m r u r o
Ear th~,~joke , occurring no t t h e  dam site with two po s s i b l o ’  focal p lane anol
fault mechanisms , i s an -bopte d as a Dn-’s~~~n Earth qoiake . Therefore , bed-
rock ground motions scaled t m - o i l  se lected earthquake records represen-
tative of the desi gn earth quake will be accommodated for and utilized
u n d e r  the dynamic analy sis.

I - i .  Sn ow , w h e n  w r i t i n g  a b o u t  i n d u c e d  e a r t h q u a k e s  ( c f  C o n c l u s i o n s ,
page 50 of  A p p e n d i x  I ) , s t a t e s  t h a t  “ t b - r e  i s  s c a n t  e v i d e n c e  ( e x c e p t
K o y n a )  t h a t  the  m a x i m u m  p r o b a b l e  q u a k e  may  e x c e e d  t h e  e x p e c t a t i o n  of
n a t u r a l  e v e n t s . . .  .“ Were t n - to n - ’ K o y n a  at o ’a  t n - i  h a v e  been s t u d i e d  in tb ,
same way as R i c h a r d  B. R u s s e l l , the a c t i v e  s u r f a c e  f a o o l t s  a t  K o y n a
w o u l d  h a v e  been recognized ann-I no set of m o t i o n s  m u c h  inure  s e v e r e  t h a n
those felt at Koyna would loave been assigned .* In fac t , wi th a mu ch
less hazard , the Richard B. Russell site was g i v e n  m o t i , ons  t h a t  are as
severe as those experienced by the Koyn .’o earth quo ake of Magnitude 6.5.
Table 10 lis ts the Koyna e a r tl n - n - ; u i no k e with a scaling factor of one for
use at the Richard II. Russell Site.

Near Field Versus Far Field.

115. Table 6 shows peak motions that were assigno ’d f n - n - r  n e a r  a n d  f a r
f i e l d  cond i t i o n s .

116. N e a r  and f a r  f i e l d  v a l u o ’ s f o r  MM i n t e n s i t y  v er s u s  h o r i z o n t a l
a c c e l e r a t i o n  a r e  s h o w n  i n  F i g u r e  2 3 .  The d a t a  are t h os e of the 187
strong motion records from w ester io United States that were uniforml y
p r o c e s s e d  at  t h e  C a l i f o r n i a  I n s t i t u t e  of  Techno~~n- -g - c- . Peak  v a l u e s  i n
t h e  f a r  f i e l d  a re  a fifth of those in the near field f o r  corresponding
MM i n t e n s i t i e s .  The r e c o r d s  were  s e l e c t e d  b e c a u s e  n - of a vailabilit y and
a noted l a c k  of a p p r o p r i a t e  s t r o n g  m o t i o a n r e c o r d s  for eastern United
States.

117. In the near field , comp lica ted r e t b e c t i o n  and refraction of
waves occ ur in the subsurface with resonance effects and a large range
in t h e  scale of ground motions. Intens e n- n - rn -n- n - n - on -n-I m o t i o n s  and h i gh—
frequency componen ts of motion are pre so - n - r n - .  In the far field , the
wave  p a t t e r n - s  a re  o r d e r l y ;  t h e  o s c i l l a t i o n s  in wave f o r m s  are  more
m u t e d  and more p r e d i c t a b l e ;  and frequencies are lowoor.

*Gup ta , et al (1969), no tes that seismicity n o t Koyna wa- nooted prior
to impoundment , and rare tremors were observed by i n h a h~~tants near the
construction site. The seismograph operating at P o o n m i a  (distance from
the site 120 km) also reveals tremorS for t h i s  reg ion pri o r to the
da m being buil t.
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118 . - n - , - ohi ~ t o o - n - c  f r - n - c o  n - ’pi cn -’i ite r to thi n- ’ l i m i t  n - i t  t h e  n e or I i , - I,r , n on - u-

begin nio og of t Oo , - t n - or f o o l - b , v c o r o , - cn - with tboe m a g o u i t o o d o -  n - n - I  t b _ n - - ’ - n o r t o n - -
q u a k e .  I I t o h , ’ 7 sb on - w s l i m i t s  of the near fiel n l foor v a n  c o o l ’ , n - n - un - n - u ’ n - i i t u d o’s

n - e o n - I  i n t en s i t y  1, - v o n - i s  n - o h  o ’ o i r t h qoo ,akn - ’ s .

Io rt , -uos o n -  in - - on- V e r s u s  I- o n - o k G r o u n d  M o t i o n s .

1 I Y . Fig a ro -c c 2-i ann - I  2 5  s tun - ow t h e  r in -- l a t  ion h e t w , - o - n - r  MN in to -os o ty cioud n - o n -  —

c, ’ l e m n n - t  i o n  t n - o r  lear fie l ,b and f,o r field respect ive lv . Figures 2(o n - onu ~
17 s h n o w  in te n s i ty versus velocity, near and far fi eld , and Fi g n - o ro os 2n
and  2 9 f o o t  d i s p l acement , near and far field. lb, motions aro ’ hori-
z o n ta l .  V , - r t  ic,o I c o m p o n e n t s  of m o t i o n  no r ,- n- ,iken t o ,  he t w o — t b o i r n - b -, the
h o r i z o n t a l .  The - f i g u r e s  a l s o  show mean and on - e on p in - u n - n - n- on e st andard
- b o-viation t - - r ‘non - t o  intensity level . The p r n - o j e c t e d  l o o n - n - - s - n -f 10 perc ent
n - n c r e m e n t s  show t i u n -’ s p r e a d  b e t w e e n  t h e  m e a n  (50 per co -o n - t )  and the n - n n - o n-J —

mum pr ojected line or limit of observed data (100 po ’r e n - n - t ) .  The p r o -
j e c t i o n  n - n - f  t h e s e  1 n -neo n - is intended to compensate fn-o r t h e l a n - n - k o n - f  in - i t
at hig her in tensity levels. Note that for n - n - e a r  f i e l d  a c c e l e r a t i o n ,
t h e  m e a n  p l u s  one s t a n d a r d  d e v i a t i o n  d e c l i n e s  f r o m  I n t e n s i t y  V I I  t n -

i n t e n s i t y  ‘ i n - i .  The d e c l i n e  is because n - ut a lack n - o f  data at I n t e n s i r - n
V III and not becn-,use the values should de cline. The curves for theso-
p e rc n --n tage increments are suitable for obtainin g peak mo o n - n - i o ns -i t

levels selec ted either at the maxil i lum or at l o n -s so -r l o- v o-Is d e t e r m i : n - o ’ .I
by decisions on the seismic risk that is acceptable.

120. No dis tinct ion was made between data from soil and t o — k  s i n o c ’ -
the valooes overlap too greatly to provide n - j s o ° f u l  c o m p a r i s o n - n - .  TIn - -
f i gures ar,’ in tended to provide peak components of ground mo otion on
bedrock at the surface.

12 1. T a b l e  6 shows peak  m o t i o n s  f o r  a c c e l e r a t i o n , v e l o c i t y , and  d is -
p lacement tb o at were selected t n - o r  t h e  m a j o r  s e i sm i c  r i s k  z n - n - m o o - n - . The

motions are for the MM i n t e n s i t i e s  at the sites . Th o - a p p r o p r i a t o ’
field condi t ions are showmn -. Tho’ motions nor, - b c l s o ’n - t  n-n-n the 70 t n - n -  80
p e r c e n t a g e  b a n d s  f o r  t b n- e n e a r  f i e l d  and t o n  h i g t u n -’r b a n d s  in  t h e  n - o r
field. See Fi g u r e s  24 t h r o u g h  2 9 .

122. Dura tions on Table 6 are obtained fro im r tin - c peak values n -n o
Fi gures 30 and  31.

Comparison Wi th Alternative Methods.

123. At t h i s  p o i n t , com p a r i s o n s  can be made w i t h  ot bo , ’r  m e t h o d s  that
are  used to nh tain peak motions. Table 8 s lrn - °ws pen-ok b o o r i z o n t a l  ground
m ot i o O s , i n t n - - r p r e t e d  f rom v a r i o u s  a u t h o a r s , f o r  b e d r o c k  a t  t i n - o n -  R i c h , a r d
B. Ru ssell site.

I n t e n s i t y — A c c e l e r a t i o n  C o r r e l a t i o n s .

124. Commonl y used correlations between intensity and ,-on - - c o - I o ’ r n - o ti n -n- or

a re  shown i n  F i g u r e  32.  Included are c o r r e l a t i o n s  n - - s t a h l i s b r ,- n - l toy
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Table 7 Limi ts of the Near Field

i n -  - n - :- ~‘ 0 0 ’  _ - _ n - o - n - n - n - n - o
1 o n - n - n - - n - - i~~ ,’ 0 , b j n - n - n- rn - f’ r, n - ,- n- n - n - 0 _

5.0 V - 5

5.5 V I I  15

(- .0 4°! 1~I 25

t o . :o I X  35

7.0 X loO

7.5 I I  n - 5

I
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Neumann ( 1 9 5 4 ) , G u t e n b e r g  and H i  c h t o ’ r ( 1 9  n - i n - ) , Ib.-n ~~ i n - h o n - - n -  c r  ( I  i 5 6
Medvedev , Sponhe oie r , K ar n ik ( , ,e o ’  b t n - i r ,- n- ’n- ° o , 1 969), and l’n i f unn - i- - arid I r o n - t v

(1975). (Trifunac and Brad y also repro ’ i - l o t  sean p in-i -i n- u n ” st n - o o n o l , o r n - b

dev i at i on , p lus  o t h e r  v a l u e s , d i s c u s s e d  l a t e r . )  A l l  of t h e se  o - u r v o -’s
in Figure 32 are either mean o n - r  n - I v o - r n - o n- - o ’  v a l u e s  m ade w i t h  v a r i o u s
l e v e l s  of d a t a  a c c u m u l a t i o n .  T h e y  do in -on - pr -v in- j o’ for the spread in
data , and they do not distinguish bet s- on-n near field and far j o- Id
condi tions.

125. For MM VII at the site , tin - u ’ above correla tions give O.O4g to
0.1g. The val ue used in this report is a range of 0.4 to O.5g. For
MM VI , the  cu rves  g ive 0 . 0 2  to  0 . O 7g  c o o n -p a r e d  w i t h  O . 18 g m a x i m u m  i n
this report.

126 .  V a l u e s  in t h i s  r e p o r t  a re  b e l i e v e d  to  b~ more  r e a l i s t i c  and are
more  c o n s e r v a t i v e  t h a n  t h o s e  w h i c h  a re  o b t a i n r - d u s i n g  mean  v a l u e s .

Nutt l i ’ s Studies for Central United States.

127. Nuttli (1973) developed ground motions for various levels of
ear thquakes in central United States and for varying dis tances from
epicen tral areas. His motions are specified for .3 , 1 , and  3 H e r z
waves. Maximum motions from Nuttl i n - i r o n- shown on Table 8.

128. Nu ttli ’ s motions are n- , -jk ron - current vain - ice , and they ar’ ro n -s oil—
t a n t  m o t i o n s  r a t h e r  t h a n  h o r i z o n t a l  m o n - t i o n , s. Rn - n - s n - n - n oo n - c o n- ef [o - ct oo n - n i
the bu i l d u p  of m o t i o n s  f r o m  comb m a t  i o n s  of s p e c t r a l  - n - o c n - c p n - n - c o n --n ts w e r e
not assessed in Nutt hi ’ s tables. Consequentl y ,  tot s values are mn -id -
lowe r , and consequentl y Ion - cs conservativ e , than t h o s e  used  Ir a this re-
p o r t .

Schnabel and Seed.

129. Schnabel and Seed (lD7l ) pr o vi dn - -o E val ues f- o r nmn - , l x ioon o ,n - - o  n - i n - c e l e r a —
tion in rock for western U n i t e d  S t a t es .  I n  t h i n - n -  n e a r  f i n - - i d  ( s e e  F i g u r e
33) , their curves show 0.38 t n - n OI . 5 2 g  t n - o r  m a g n i r o n d c  5.n , equ iv al ent tn -

MM intensity VII. Their o l p p e r  v a I n - n o -  n - o f  n - ) . 5 2 g  c o m p a r o ’ n-n- f a v o r a b l y w i t h i
n-he upper value of O .Sg obtained in this n - ; t n - o o t v .

130. For t h e  f a r  f i e  Id , t he  S c b n - n a h o - l  - n - o n - d  So n - n - o n - I  n- ’ o n - r v i ’ s  c , i n n o t  be used
for southeastern United States - t h e  a t t e n n - o n i t i n n  b y d i s t a n c e  i s  no t
compa rable.

n- n- . S . Ge~~~,~~~~ c al  Surv ey: Wes t ern - i tin ted S n - urn --s.

131.  The D e p a r t m e n t  of m t - n - r o n - o r  i:,- n - n -i  ‘t i c - n - h  Surv n - v c j , i t , o  f - c r  s n - n o l n -’o - t o ’ n - b
earth quakes o f the w e s t e r n Un i t ed  St n - I to ’-n - (Poi’ o - , et al , I °i / 2  ) n - Ir e sin- n-own
in Figur es 34 to 36. These r e i n - i t o ’  , a c c e l n -’ r n i t i ons , p a r t i - ~ le v e l o c i t i e s ,
and di sp lacements , respe ctively, n - co m n n- ’ c n - n - t o n - o h i ’  of e a r t h i q u a k o ’  a n n - I  d i s-
tance from source. These data w o n - n o’ d e ve l n - o p o’d f o r  s n - t n - d i e s  r e l a t e d  t o
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n- hue  Tr n - n - n - - n -— n-\ l - o s k n - i  P i p e l i o o o - . S o u p o n - r i o n - o p o o s e d  o r - - l i n - o - s  n - o k - i n  rn -sn ‘. n - t  t l i
(h n -~ 7 I )  w h i c h  r o - I o r o - ’ n - o - ’ : n t  a mn - lon - imol n nn ‘1 - n-n- °-l n - I n - b r j n - j  o - n - I r t h n - b n - o n - n - on- o - t n - o r  the C o - m o O r a t
U n i t o - n- b S t a n - n --s  w i th .u m n - o g n i t n - c n - b o- on - b 1 .5 .

1 32. lii b o o n- o ’p ico -n - o t r n - i F n--in , - n-i f o or t F n - n- c ’ n - o g n o j t o u o b o -’ 5.0 t n - n -  5.9 n- n- , c r t h q n - j a k e ,
the ae on - n - c Io n -r n - u t n - on ) ~~S 0. Sg , d r o n -  t I V  — n- n - c - c ; n - o  r n - i l -  l e  t o  t o n e  m a x  imninn  vu lu e
sn -’l o ’ c n o ’d in n - lo is s tn - n - d o z. Thn -- ( : o - n- n - l n - o g u e n - oI S u r e - -v  d i - o p la c e n n o e c n - ’ of 2 2  cm
i n - n - th, Sn -inn ,’ an-i the 21) cm maximum on this stud y .  F l o e  Ge o l o g i c a l  S u r v e y
v e l o c i t y  is 72 cm/sec . app ro - n- - i a b l v  hi o n - i n - n - - r tb oann - the 30 to 45 cm/sec of
this sto od y

13 3 . Th e 72 cm/sec is taken from t t o o -  Cholanne Shandon Array No. 2 n - n - f
t h - - P a r k f i e l d  o ’ n - o r t h q u a k e  1 - n - c o i l e d  11.08 km I r on-n t n - n - o n -  movemeia t on the San
A n d r ea s  fault. The C a I i f n - o r n i a  I n s t i t u t e  of  T e n - h n n - n -n - I n - og-y (1971—1 975 )
., n - n n -cnp i t n - i t i o , n  of s t r o n g  m o t i o n  r - c - n r . b n - o  lists this m otion n - i t  7 7 . 9  c m / s e c .
F i n - n - n - n - r on- 26  s b n n - ow s  this peak velocity corresponding to an - n - assumed ‘-F l-I In-
n - o n - n -s ity of V II . The data point i s  so extraneo tos to all tho - rest of
the data for 51M In tensit y Sn - I I that the point In-as ho n- n - n - o  discounted. The
70 to 80 percen t band Sn - I s  used to arrive at 30 to 65  c m / s e c .  I t  is
b e l i e v e o b  t h a t  t I m e  l ower  v a l u e s  a c c e p t e d  f o r  i n  this r e p o r t  a r e  s t i l l
v e r y  c o n s e r v a t i v e .

l i i i. These USGS char ts have not b e e n  c o m p a r e d  f n - r  t h e  f a r  f i e l d
I conditions at the Russell site because the attenuatio ns with distance

are g r e o t l y  different in t h e  s o u t h e a s t  f r o m  t h o s e  in w,° s t e r n  U n i t e d
St a t e s .

135. Fi gure 37 s h n - c w —  a comparison b e t s n -- o - n - n- USGS d on ations (Page , et
a t , 1972) and those of Krinitzsk y and (2b n on ng (1Q77 , in preparn - It ion) ,
and Bol t ( 1 9 7 in - I  for the near field for vario o n - s- n- nn - n - n - gn it oud e s of earth-
quakes. Durations in this report are bn - : a n - k --te d dura tions of accelera-
tions greater than 0.OS g. For n-nn a- 7nitud n - ° 5 .5 , the USGS duration of 10
sec is double that of Kri n itz n -- kv --Cbn - ann - g wb n- i n - n - h n - s 5 sec. Bolt is inter-
media te with 8 sec. The Krinitz sk y—Chan g d n - o r o t i o n s  u se n - l in this re-
por t separate soil and rock. Hock has r n - i o n- n - j o i n -  half the duration of
sn - o il. The USGS has no t n - i -n - e d this s e p , m o n - n -  ion and n - to o— jr value repre—
s o -n - n - t n - n -  al. l da t -o. Their vain - on - - i s  unmn ece ss.a rily conservative.

U.S. G e n - i o 1 ; i c a l  Survey : Eastern n - n - flu ted States.

13 10,. For the eastern United Soates , the U.S. Geolog ical Survey (1975)
uses  t he  d i s t a n c e  v n - - r c o n - s  an -  n - e l e r a t  i o n  g r a p h n - , I n n - n - w n n -  in Fi g u r e  38. The
curves (solid lines) are taken from Schuaabel and Seed (1973) and were
m o , o i i f j e d  ( d a s h e d  l i n e s )  by a t t e n u a t i n g  t h e  l i n e s  a c c o r d in g  to  t he

— attenuat ions of N o itt l i (1973) for the central United States.

137. Thin- USGS peak accelera tion for the near field is Ii .°n-g compa ra-
b l e  t o  the u p p e r  v a l u e  o f th i s  s tu dy. For th e far field (1 (10 km with
a magni toin - l e of 5. 0n - ) , the USGS has 0 .04 g c o m p a r e d  to O . 1 8 g m a x i m u m .
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Trifunac and Brad y.

138. The values generated by Trifunac and Brad y (1975) for ground
motions in relation to intensit y for the west rn Ijnited States ar.-
sh own in Figure 39. The values do not distinguish between ma r field
and fa r field as was done in this report. Otherwise , the data used by
Trif unac and Brad y and in this report are the same.

139. The values of Trifunac and Brady for one standard deviation on
the p lus side for a near field Intensity VII are much less than those
used in this report. It is the same for the far field Intensity VI .
The Trifunac and Brad y values are handled in a purel y statistical
manner and do not reflect the interpretative handlin~ they were given
in this report.

Ambraseys.

140. Ambraseys (see Johnson and Heller , 1974) ha s reasoned that there
is no upper bound to ground acceleration , but that particle velocity
has an upper bound. Ambraseys developed an emp i rica l  eq ua t ion f or the
rela t i onsh i p between the peak particle velocity, the magni tude of an
earth quake , and the distance from the focus which was developed for
ep icen tral distances of 10 to 150 km and magnitudes 5 to 7. Figure 40
shows maximum values for the above relationshi ps. Ambraseys values
both for the near field and far field closely approximate those devel-
oped in this report.

USGS: Algermissen and Perkins.

141. A l germissen and Perkins (1976) have developed a contour map of
the United States which shows acceleration as a percent of g with a 90
percent probability of not being exceeded in 50 years. For the
Ru s s e l l  Site , their value is 0.11 g.

Nuc l e a r  Powe rp lants.

142. A summary of peak accelerations used for nuclear powerp l an ts i n
the general reg ion i s shown in Table 9. A map showing loca t ions of
nuclear powerp lants is shown in Fi gure 41. Essentiall y, values user~
in this report are very conservative com pared to those which have been
accepted for nuclear powerplants.

Time His tories of Ground Motions.

143. A lis t of strong r~otion records selected for rescaling is tabu-
la ted in Table 10. The collection of records is contained in Appen-
dix 2.

144. The scaling fac tor in Table 10 is based on the pe ak motions
li sted in Table 8. The factor is based on scaling of velocity ; for
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Table 9 Nuclear Plant Seismic Designs

DBE/SSE* OBE*
Plant Material Aced , g Accel , g

Piedmont Province

Catawba Continuous rock 0.15 0.08

Oconee Bedrock 0.10 0.05

Overburden 0.15

McGuire Jointed rock , slightly 0.15 0.08
weathered

Anderson Firift bedrock 0.114 0.07

Cherokee Closely jointed , 0.15 0.08
weathered rock

Virgil C. Sum mer Rock 0.15 0.10

Residual soil 0.25 0.15

Coastal Plain Province

Barnwell Soft sedimentary rocks 0.20 0.12
and soils

Edwin I. Hatch Soft sedimentary rocks 0.15 0.08
and soils .

H. B. Robinson 0.20 0.10

Alvin W. Vogtle Soft sedimentary rocks 0.20 0.12
and soils

* DBE/SSE — Design Basis Earthquake or Safe Shutdown Earthquake
OBE — Operating Basis Earthquake
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example , the 30 to 45 cm/sec of the near field condition in the Pied-
mont. The “maximum” val ues for the accelerations and velocities
represent motions that should be obtained by the scaling. Disp lace—
meats are not critical for scaling.

Probabilis tic Analysis of Earth quake Recurrence.

145. A repor t on probabilistic analy s i s  of ear th quake recur ren ce a t
the Richard B. Russell site is contained in Appendix 1.

146. a. The peak acceleration for a 100—year return period is
0.075g. This value may be used as a basis for the operating basis
ear thquake in the desi gn of the concrete portions of the structure.

b. The ~~~ ra t ional  Ear thquake, as defined by CE is generally
more moderate  than the maxim um ear thquake and is selec ted on a proba—
b il i s tic basis , i.e., the probabili ty of the what is likely to occur
duri ng the l i f e  of the proj ec t , for use in design of noncritical
i tems .~~~

c. Owing to the uncertaint y in the number , size and loca t ion of
future earthquakes , it is appropriate that an analy s i s  of ear th quake
haza rd  be expressed  by seismic risk. The output of seismic risk anal-
ysis is a plot of annual risk versus seismic motion (MM intensity) at
the dams i te (Fi gure 42). The annual risk associated with a given
intensity is defined as the probability that , in any given year , the
intensity will be equaled or exceeded. The annual risk is also the
reciprocal of the mean annual return period. According ly ,  in any
given yea r, the probability that O.075g peak acceleration will be
equaled or exceeded is 0.01; 0.0014 is the annual risk for accelera—
tion of 0.2g (i.e., the mean return period is 700 years). Note that
Figure 42 shows tha t the es t ima te of ann ual  probabili ty of exceeding a
site intensity of MM VI is 3X10 and MM VII is 4.5Xl0’

~~, or 350 and
2,200 years mean annual return periods C respec t iv e ly. A s shown (Fig-
u re 42 ) , a large contribution to this risk is from the Charleston area
(62.5%).

d. To estimate annual risk requires the integration of relative
f r e q u e n c i e s  of possible times , loca t ions , and s i z e s  of impor tan t
ear thquakes , p lus considera tion of the attenuation of intensity over
the  d is tance be tween the ea rthquake focus and the site . The maximun
ear th quake takes the wors t h i s tor i c  even t wi th i n  the sei smic  r isk  zone
and assumes this event to happen under the damsite. Both the former
and latter is the practical and conservative approach. The maximum
ear thquake of intensity VII can be compared with the annual probabil-
ity of exceeding a site intensity of MN VII if this earthquake occurs
in the far field.

*Judgmen t of noncriticality is based on the premise that failure of
the item would not lead to a catastrop ic flood downs tream or the
failure of pool con tainment; such failure items which would result in
f l o o d i n g  are des i gned to wi ths tand the maximum ear thquake.
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PART V i i i  — SUM M ARY ANt )  CON CLUS I O N S

147 . No evidence of a c t i v & -  f a u l t s  is present 1(1 the general area of
the dams Cte . It is conc 1(Cded t h a t  t il, ’ fault s wi ich arC ’ present are
alt ancient ones and are inactiv e . Present day tectonism indiuate~
that moderate earth quakes occC )r in the Piedmont and adjacent regions.
Seve re ear thquakes are restricted to a narrow band along the Summer—
yu le to Charleston , South Carolina , area. There the faults are
obsc u red by Coastal Plain sediments. Motions attenuated from
Summerville—Charleston band to the damsite are low,

148. Four seismic risk zones were assigned. These are the Blu e
Rid ge , Piedmon t , Coas tal  P l a i n , and Char leston—Sum rnerville zones. The
mos t severe condi t ion is an ear th quake at the damsite with a peak ve-
loci ty of 30 to 45 cm/sec . 0.4 to 0.5g for acceleration , 20 cm
approxima te maximum for disp lacement , and 5 sec duration. (The panel
determined these to be the peak motions for the desi gn ear th quake.)
For purposes of desi gn , to be most conservative is to assume that the
maximum earth quake will occur under the dam. A group of time his-
tories were selected for rescaling .

149. A probabili ty of recurrence study showed that the operating
earth quake has an acceleration of O.075g (0.01 annual risk). The
operating ba sis ea rt hquake is generall y more moderate than the maximum
earth quake. It is selected on a probabilistic basis from regional and
local geology and seismology studies as being the largest expected to
o c c u r  during the life of the project; in this case , 100 year s.

150. In t h i s  instance , this peak ground acceler .lt ion is considerabl y
sma ilo r than the design value of the Richard B. Russell Dam. In ether
words , the dam is designed t o  wi ths tand  an e :Irth qlCake severa l t imes
stronger than would he expected to occur durin g its useful life.

1 5 1 .  In a l l  l ik lll yhood , the like imp oCCoded by B Cs SCII Dam will net
i t so i f p ro d I C e c ’  CI darnag lug ‘a r  L}IqCIake. FIC rt l<e  r If l e r’  , any (‘a rth qllakl’ .‘r
one that. C O C J  (1 (‘ Of l C P i  v ab l y be produced by the la ke will nut e x c I ’ o d  th e
n a t ’ C r a i  max  1 1<51C m “art h ql,ake f o r  the region.
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Short—Period Sur f ace—Wave At tenuat ion

and

Intensities in the Georg ia—South Carolina Piedmont Province

Leland Timothy Long

Abst rac t

The decay with distance of the maximum particle velocity “A” in mm/sec

for quarry explosions and ear thquakes follows the equation:

Log ( A ) ~—l.5 — 2.0 Log ( D ) + ML

where D is in kilometers and Mj is the Rich ter magni tude as d e f i n ed at 100

km. This equation is valid only in the range of 20 to 150 kin for events

with travel paths contained entirely within the Piedmont Province of Georg ia

and South Carolina. If needed, intensities from a magnitude 2.0 < M~ < 5.5

event can be obtained by conversion of the particle velocities to intensity

by use of the relations given by Nuttli (1973) .

Introduction

The evaluation of seismic risk inherently involves the computation of

the intensity to be expected from an event at distance. This computation

requires some knowledge of the decay of seismic waves with distance and the

relation of seismic wave amplitudes to observed intensities. Most studies

show a considerable scatter in the relations between measured parame ters

and intensity. However , the scatter can usually be attributed to variations

in near—surface soil types or crustal structure . By contrast , in the Georgia

and South Carolina Piedmont Provinces the near—surface soil types and c rusta l

structures are relatively uniform. The object  of this paper is to derive a

particle velocity versus distance relation from quarry explosion amp litudes

and discuss their implica tion for intensity data in the distance range of 10
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to 150 kilometers in the Georgia and South Carolina Piedmont Province.

~~~~~~ 
Exp losion

For both quarry exp losions and earthquakes which occur and are recorded

w ithin the Piedmont Province at distances less than 150 kilometers , the largest

amp litude arrival on the AU station records is either a normally—dispersed

Ray leigh or Love wave with a period of 0.2 to 2 seconds. Events from outside

the Piedmont Province or Piedmont Province events recorded outside the Province

se ldom show these phases . The maximum Love and Rayleigh surface—wave amp li-

tudes observed on the AU seismograms were measured for four quarries and

over 100 explosions . The four quarries were at distances of 25 km (Red Oak),

55 km (Norcross), 70 km (Kennesaw) and 150 km (Elberton).

The trace amplitudes (Peak to Peak) observed at the Red Oak Quarry

(Figure 1) show a considerable scatter when plo tted against charge s ize in

pounds of explosive . However , records of events with large Ray leigh wave

amp litudes usually showed small Love wave amplitudes and vice—versa , ind ica t ing

a variat ion in the excitation of these phases . The azimuthal variation in

the excitation of these phases is attributed to the orientation of the quarry

face relative to AU and the inherent asymetry of such explosions . A signif-

ican t reduction in the scatter is achieved by compu t ing the vector sum of

Ray leigh and Love wave amplitudes (Figure 2). A least square ’s s traigh t- l ine

fit to the Red Oak amplitude data in figure 2 gives a 20 (0 to peak) AU

trace amplitude at 2.0 Hz for a charge size of 10,000 lb of exp los ive. S i m i l a r

analyses of data from the Norcross (Figure 3) and Kennesaw (Figure 4) quar ries

indica te trace amplitudes of 6 mm at 1.7 Hz and 3.5 mm at 1.5 Hz trace amp li-

tud e. (0 to peak) respectfully. Three quarry exp los ions from Elberton , Georgia

at a distance of 150 km give a 0.9 mm trace amplitude at AU for 1.3 Hz waves.

The trace ampli tudes were converted to particle velocity by multi p lication h :.
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2 nf /5O ,000 (gain at AU is 50 ,000) and are l i s te d  in Tab le 1. A p lot of

distance versus amplitude (Figure 5) ShOWS that t he data for  the equivalent

of 10 ,000 lb of explosive are satisfied by the equation

Log ( A ) = 0.5 — 2.0 Log ( I) ),

where , A = maxfmum particle veloci ty ( mm/sec ) for 10 ,000 lb exp losive

and D = distance in kilometers (lO<I)<150)

in the Piedmont Prov ince.

If the definition of local magnitude (Richter , 1958) is app lied to t~o

max imum displacement at 100 kin observed f o r  the quarry explosions , then a

10,000 lb explosive is equivalent to a magnitude 2.0 event. Within the dis-

tance range of 20 to 100 km and within the uncertaint,’ in the data (Csti:~.ited

at 25% for one standard deviation) the slope is identical to the slope o~

the Richter (1958) local magnitude standard amplitude values .

Intensity Data

In tens ity maps from the South Carolina earth quakes of January 1, 1913

(Taber , 1913), July 13, 1971 (Bollinger , 1972) and Augus t 2, 1974 (Bridg es ,

1975) were used to measure mean radius of felt areas in the Piedmont Province

for various intensity levels . The contours lines were assumed to enclose

observations of the intensity given. The mean radius of the felt areas can

then be interpreted as the distance to an intensity equivalent to half a unit

• lower than indicated for the felt area . These intensity values were then

converted to particle velocity by using relations presented by Nuttli (1973).

Nuttli ’s re lations are considered appropriate since the par t ica l  velocities

used for correlat ion wi th intensity were obtained from observatory data in-

the eastern United States. The data of this study are g ivc ~- in Table I.

The resulting par tica l  ve loc i t i es  were than normalized to c o n s t a n t  va l u e

(0.0035 mm/sec) at 30 km distance for p lotting on Figure 5 wIth the quarry
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data. The Intensit y dat,i fur the July 13 , 1971 event W O N  sup I~~~
-c I1te.i by

the observed amp litud e at ATL. The RF intensities for the January  1, 1913

earthquake were converted to ~~1 prior to computation of partic le vel oe lt 1€- - .

The decay of the i n t e n s i t y  data is r e ma r k a bly  c o n s ist a n t  w i t h  the mea’ - o r e d

quarry exp losion amplitudes. Hence , for the l’iedmont Prov ince, th is reLat ion

would be appropriat e lot computing intens it ie ; for known magnitude events.

The magnitude ( see Tabit  1 ) can be computed from the norn;a iicitio n factors

for the events studied by using the generalized form of the equation for

maximum particle velocity versus distance ,

Log10 ( A ) = -1.5 - 2.0 Log ( I) ) +

where A = maximum part ic le v e l o c i t y  for event of Loc al n-cignit i id - N-

and D = distance in kilometers (10<0<150)

Discussion and Conclusions

Given a measure of an earth q uake ’s magnitude (N L) as defined by RIH;ter

(1958) at 100 kit, the equation derived above for particle v e l oc i ty  versus

distance can be used to predict the intensi ty to be expected at distaoces

of 10 to 150 kilometers . The decay rate is notable more rapid than previously

reported for eastern United States earthquakes (Nuttli , 1973) . h o-~~ever , t he

distances are shorter than the 1;rtances studied by Nuttli (1973). Also ,

beyond 150 km in the Piedmont Province the shear phase or Lg phas e has th e

greatest amp li tude rather than the short period Rayleigh or Love arrival.

The distance decay of the shear or Lg is sign i f i c a nt ly less than observed

for short periods s u r f ace  phases .  Consequentl y, this relat ion should not h~

used beyond 150 km.

A c know led ge me nt s

This research  was supported by the Nat iona l  Sricnce Foundation through

Grant Number GA 3 1 9 ( 2 .
/ —

\ppend ix A
- h I  16
S e t  I : ,  A

~~~~~~~~ 
.t~ .r~~,:: : • _ -

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



Table 1

Freq uency Particle Normalization

Event Intensity Dist ance V elo city Fac tor  N a i n i t

(Km~ (mm/see) N1

RED OAK (2.0 Hz) 25 0.0050 1.0 2.0

N ORCRh SS (1.7 Hz) 55 0.0012

KEN1’~ESA~ (1.5 lIz) 70 0.00067

ELBERTON (1.3 Hz) 150 0.00014

(30) (0.0035)

Intensity

July 13, IV MM 10 2.0 .0078 4.1

1971 I MM 40 0.3

(ATL) 1.2 Hz 200 0.015

(30) (0.45)

August 2, V MM 13 3.6 .001667 4.8

1974 IV 32 2.0 —

(30) (2.1)

Jan uary 1, ‘JIll RF V ii 10 28 .00035 5.45

1913 VI1 RF VI 25 14

VI PS V—VI 45 5
V RF IV—V 75 2.5

(30) (10)

*Orig inal ratings were in Rossi—Forel — MN intensit ies are converted by K r i n i t c - k v .
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Figure ~~~~~~~~~

Fig. 1. Trace amplitudes (Peak to Peak) for Ray le igh and Love Waves re-

corded at ATL for quarry exp losions at the Red Oak Quarry , Ca.

Fig. 2. Vec tor sum of Love and Pay leigh wave amp litudes (Peak to Peak)

for the Red Oak Quarry.

Fig. 3. Trace amp litudes (Peak to Peak) for Rayleigh waves and Love wave

and their vector sum recorded at ATL for explosions at the Norur s

Quarry , Georg ia.

Fig. 4. Trace amplitudes (Peak to Peak) for Ray le igh waves , Love w s v~- .~

and their vector sum recorded at ATh for explosions at th~

Kennesaw Quarry , Georg ia.

Fig. 5. Particle velocity versus distance relation for the equivalent

of 10,000 lb of exp losive . The intensity data were norma lized

to 0.0035 mit/sec at iO km. The particle velocities i l lust rated

are equival ent to a Richter magnitude of 2.0.
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Maxi mum “Induced” Earthquake , Clark Hil l
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MAX I tIU M “INDUCED” EARTHQUAKE

CLARK H I L L  R E S E R V O I R  AREA
SUMMARY

T he e a r t hquake s of the Piedmont Province and the Clark H i l l  Rese rvoir

A rea (CHRA) share many dis tinctive characteristics and do not appear to

sa t i s f y conventional tectonic mechanisms i nvolving observable faults.

Consequentl y, an alternate explanation for the earth quake mechanis m is pro-

posed which i nvolves stress amplification or s t r e n g t h  m o d i f i c a t i o n  in

cohe rent near-surface geolog ic u n its. This mechanism al lows a restriction

on the size of the maximum p la usable earth quake by p lacing practical l i m i t s

on the size of the fault p la ne and magnitude of the stress drop. The uppe r

l i m i t  in s i z e  for the f au l t  p lane is  the 39 .5  km 2 imp l i e d  by m i c r o e a r t h quake

a c t i v i t y  near Jocassee lake . CHRA microearthquakes and geolog ic u nits

in d i c a te abou t  10 km 2 . The stress drop estimates for these events is 

-cons is tantl y about 6 bars. Us Ing 6 bars and a fault p l a ne of 39.5 km in

the relation of Randal (1973) a magnitude 5 .6  event is  the maximum p la usable

“i nd uced” e a r t h q ua k e .
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M A X I M U M  “ INDUCED” EARTHQUAKE

CLARK H I L L  R E S E R V O I R  AREA

I NTRODUCT I ON

Earth quakes in the Clark H i l l  Reservoir Area share many di s t i n c t i v e

charac t eristics with earthquakes occurring throucthout th~ Piedmont Province

of Geo rg ia and South Carolina . A typical event has a depth of focus less

than 5.0 km as indicated by the generation of lar c e surface waves and by

aftershock studies. Their magnitudes have been less than M
L 

= 5.5 wit h the

Union County earth q uake of Januar y 1 , 19 13 bei ng the largest (M
L

No coh er en t ac t i v e  f a u l t s have  bee n i dent i f i e d  as c a u s i t i v e  s t r u c t u r e s

connectin g t~~ or more Piedmont Province earthquakes. The earthquakes have

occurred pri m a r i l y as swarms or aftc-rshock sequences in a l i m i t e d  number of

disc rete epicentra l zones. The near-surface geo l ogic units of the Pi ec -io nt

Province are largel y made up of metamorp hosed sedi mentary and volcanic rocks

which have be en penetrated by both m afic and gra n i t i c  int rusive s . The

resu l tin c comp lexity i n  geo l og i c  s tru c tu res  a l l o ws a s i gnifica nt hetero-

ge n i ety i n physical properties of the near surface rocks while also allowing

h i g hl y conpetent rocks to occur w i t h i n  a few hundred feet of the surface .

Beca use of these co;Tlnon characteristics, the earthqu a kes al l  probabl y share-

a connon explanation which can be expressed in terms of the caus i t i v e  Stre~ seS

and the near-surface geolog ic structures. -

Trl e fundamental exp lanation for crustal stresses which c a u s e  ea rt h qu~~ os

in the Piedmont Prov i nce is not current l y unde rstood comp letel y, la r aeI- ~

because  of a lack of data. The c o n v e n t i o n a l  exp lanation of ea rth q~ ak~~s in

t e rms  o f con t inued  movement a long e x i s t i n g  f a u l t s  is not supported by e x i s t i n g
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da ta. In order to exp lain the earthquakes in the Piedmont Province , Lo ng

(1976) proposed an alternate mechanis m of stress a m p l i f i c a t i o n  by shear

modules i nhom ogenie ties near the surface . In stress amp l i f i c a t i o n , the

geometr y of anor~,lous l y ri g id structures cause the arf p l i f i c a t i o n of applied

or r e sidual stress. To acheive stress large enough to cause earthquakes ,

f i r s t  a s t r u c t u r e  with appropriate qeur ’ctr y must exist , seco nd the s t r u c t u r e

must consist of a material with anomalousl y hi g h r i g i d i ty a nd/o r low s t r e n g t h

and th i r c a stress must be app lied (or the stren gth changed) in a directio n

appropriate to cause stress amplification. The ori g i n  of the ca u s i t i v e

stress is probabl y the result of a combination of factors. Because of the

thickness of the Piedmon t Crust (35 to ~i0 kin) and the relative l y smaller

size of most near surface i nhom ogenieties (less than 5 km) , c ru s t a l  f l e ~ ure

p ro b a b l y contributes onl y sli g htl y to the ambient stress fi e l d .  Near -surface

fac tors such  as u n l o a d i n g  thro ugh wea th e r i n g , inho moqeneous stream erosion ,

and strength modification throu ch weathering or fluid penetration , p robabl y

dominate as mechani sms for stress accumulation , With stress ampl i f i c a t i o n

or strength modification these could expl ain Piedmont Province ear th q u a k e s .

Some of the Piedmont earthquakes have occurred near reservoirs and their

occurrence has been attributed to reservoir loading or fl u i d  p re s s u re e f f e c t s

(see Denman 197~4 , Ta l wani , 1976) . However , wi th the exce pt ion , p e r h a p s , of

t he Jocassee reservoir , ear thqu ak es wh i c h  a re loca ted wi th i n  10 km of the

Bl ue Rid q e Prov i nce , the larger events are not directl y c o r r e l a t a b l e  i n t i me

w ith the reservo ir loading . Many areas which showed activity after loading ,

like the Clark H i l l  Reservoir or Lake Sy nclair , a l s o  had a h i s to ry of s e i s m i c  —

a c t i v i t y  prior to loading . the Clark H i l l  Reservoir area and other

reservoirs spacia ll y associated w ith ear th quakes in the Pied ’~ont Province ,

the earthquakes are not always located near the dee -;~est part of the reservoir

as they should be ~f they were purel y reservoir indu ced. The marg i n a l l y
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conv i nc i ng spacial and time correlation of large e v e n t s  with reservoirs

suggests that the reservoir itself may not be responsible for the production

of seismic a c t i v i t y  throug h loadin g . However , the p o s s i b i l i t y  cannot be

ruled out that large lake fluctuations or rainfal l s  act as a catal yst when

stress conditions reach levels suitable for the production of microearthq ua kes .

I ndeed , t he nea r sur f ace  occur rence of event s and the h y po t h e s i s  g i v e n a bove

concerning their cause would be compatible with water level fluctuations or

rain falls ac ting as catal ysts to rnicro earthquake ac t i v i t y .

If the hypothesized mechanisms g ive n above is assumed to be a correct

and exclusive mechanism for Piedmont Province earthquakes , then the estan-

l i sn men t of a maximum , p l a u s i b l e  ea rt h q uake , induced or natural , is possi sle.

The object of this stud y is to estimate the maximum p la usible earth q uake  to

be exoec te~ fo r the Clark H i l l  Reservoir Area g iven the mechanism presente c

above. The first step w i l l  be to estimate the largest possible fault plane

and the type of movements that mi g h t occur. Next the stress drop w i l l  be

estimated by compa rison to si m i l a r  sized events for which the stress drop

has been measured . Stress drop estimates for Clark H i l l  Reservoir Area

m i c roea rt hquakes w i l l  be u t i l i z e d  in the evaluations. Fi n a l l y, t heo re t i ca l

and observed relations between fault size and stress drop w i l l  be used to

estimate the loca l magnitude of a maximum p laus i b l e  ear thquake.

ESTIMATE OF LARGEST PLAUSIBLE FAULT PLANE

Ac tive faults , d i rec t l y rela ted to contemporary se sr lic a ct i viety are

not known for the Piedmont Prov i nce of Georg ia and South Carolina. No co-

he re nt fa u l t s have  been ide nt i f i e d  as ca us i t i v e  s tru c t u r e s  co nn ec t i ng two

or more Piedmont Province earth q uakes. Linea r a l l i o n m e n t  of ep i c e nt e r s

sepa ra t ed b y distance equivalent to the source dimensions of the earthquake

have  no t bee n obse rved and wou l d  be ne c es sa r y to hypothe size a fault in the
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case where a faul t would not be observed at the surface , More  ty p c a l t ,.

Pied mont  Prov i nce ea r t h quakes occur at  d i s c r e t e  l oca t i ons .  These I~~,~~it on~

o re s e p a r a t e d  by d i s t a n c e s  s i g n i f i c a n t l y la rger  than the d - e ns ( ” r ’ ,

ca r t  h,lu,IKe source . A l s o , if more than one event occurs at one c

discrete locations , the ep icenters are not d i s t i ng u i s h a 1e w i t h  ,~~ i s t i n c

t e le ’ ,e ism ic  data .  In a few individual earthquakes , the proxi n t, c f  the- ct - i

cente r ~o known f a u l t s  has prompted specu la t i on  concerning the a c t  vc

s t a t u s  of the f a u l t s  (Ta lwan i  , 1976) . However , no evidence of recent move-

men~ can ~e observed on these faults and the se i smic correlation is weak.

Al l  the faults represen t movement at a time when the tectonic stresses were

significantl y different than they are today.

As a consequence of the lack of confirmed active faults , the problem

of determining the maximum fault p lane requires data from sources other

m a n  the geolog ic mapp ing of faults. Data on aftershocks of large events

are sparse in the Piedmont Province but available for the CHRA and Jocassee

lake. These can be used to obtain information ~n the size of the zone of

high stress. The aftershock locations of the August 2, 19714 CHRA earth-

qua~- e s  ( B r i d ges , 1975 ) i nd i ca te  a zone of maximum w i d t h  of 5 km with the

m aj o r i t ’ ~ occurr ing w i t h i n  a 2 km cent ral zone . More recent data at Georg ia

Tech indicates that the zone of activity has esse nti a l l y rema i ned the same

(fi gure 1.0) but the leve l of activity ha s decreosed. Data on aftershock

locations computed by Talwani (1976) ind i cate the same genera l d istributions.

The depth of focus range from near-surface (within 0.5 km) to a maximum

de pth of focus of 2.~ km (see figure 2.0). Most occurre~d within 0.5 kin of

1.0 kir . The area of m ic roear thquake  a c t i v i t y  assoc ia ted  w i th the Jocassee

area (Fog le et.a I ., 1976) is si gnificantly larger. Over a per iod  of 3 months

the ep icentral area grew from ~ km to 9 km in diameter while at the same t i m e

th e o v e r a l l  a c t i v i t y  l e v e l  was d e c r e a s i n g . The maxi ri um depth observed for
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Fi g ure 1 . Ep icenters for m icroe arth quakes in the Clark H i l l  Re servoir Area.
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af tershocks was about 14.0 ku; but si g n i f i c a n t  a c t i v i t y  was li m i t e d  to less

than 2.7 km deep.

The observed aftershock locat ion for Piedmont Province eartnquake s th uy

2 2indicate fault planes of 10 km for the CHRA and 39,5 km for Jocassee a f t e r

correcting for possible dip in the faul t p lane . There i s  an apparent  d i s c r e -

pancy  in the relative sizes of areas in that the lar gest event in the CHRA

was a M
L 

14 .8 while the larges t event in the Jocassee area was a M
L 

= 3 . 1 .

However , in the Jocassee area the dominant  a c t i v e  area at any one t ime we ’

se ldom w i d e r  than 2.0 to 3.0 kilometers indicating a lack of stress coherenc~

t hroug hout the area.  Focal mechanism studies (Fogle et.a l ., 1976) i ndicate

d i s c re te ep icen tral zones of smaller size w i t h i n  the Jocassee area. ln con-

clusion , the largest fault p la ne from aftershock dis t r i b u t i o n s  associated

wi t h a d i s c r e te eve n t i s  10 km2 in the CHRA and for a composite epicentral

zone is 39.5 km2 i n the Jocassee area .

An al ternative approach to the de termination of the maximum fault p l a n e

wou ld be to eva luate d imens ions of geo log ic units potentiall y rela ted to the

s e i s m i c  activity. In both areas the af te r shocks  occ u r ge ne r a l l y t hro ug hout

a volume . A t Jocassee , t hey occur in the Henderson Gneiss above the extra-

polated position of the Brevard zone . In the CHR.A they occur generall y in a

mixed gneis s unit correspondin g to a negative Bouger anoma l y. Hence , by

assuming the fault p lane to be limi ted by the dimensions of coherent geolog i c

units an estimate of the largest plausible fault p lane can be obtained directl y

from geo logic s t ruc tu res .  In the CHR.A interpretation of g r a v i t y  data (Long,

et a l., 1976) and the Geologic Map of Georgia (1976) indicate geolog i c  u n i ts

w i t h  widths typicall y less than 6 km with-the exception of the Danburg Granite

and thc. Lincolr tt on metadac i te. The Linco l ton n-ietadacite however , i s  proba bl y

no th icke r than 5 km . Most coheren t geolog i c  u n i t s  are si gn i f i c a n t l y l ess  than

6 km. If these un i t s  have effective depths of less than 5.0 km then the l a rge s t

plausible fault p l ane areas are abou t 30 km
2 
or st i l l  less than the
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39 .5 km2 for the Jocassee af tershock zone . The 5.0 km max i mum depth estimate

exceeds depths computed for any a f te rshock  observed in the Piedmont Prov i nce .

If a rela tion be tween these events and surface water loading exists then the

depth of the maximum fault plane may be limited by the porosity of the rocks

or the a b i l i t y  of existing joints to allow penetration to depth.

E S T I M A T E  OF STRESS DROP

The ave rage stress drop along a particular fault p lane in ma terial with

a g ive n seismic ve l ocity is a measure of the magnitude of the earth q uake

that w i l l  be produced . A high stress drop w i l l  g ive a larger ea rth q uake

than w i l l  a small or partial stress drop . Hence , the deter m ination of

p lausible stress drops is an important factor in determinin g the l a rgest

magnitude event that a given fault plane can generate. The s e i s m i c  velocities

are also important because they de fine the ri g idity and with the disp lacement

the stress of the rock near the fault p lane . The hig her the ri g id i ty, the

smaller the displacement for a constant stress drop and fault dimension . The

near-surface rocks in the CHRA have p-wave velocities on the order of 5.8 to

6.1 km/sec. These veloc i ties are typical of rocks in the uppe r 10 km of

the crust, be l ow the superficial sed i mentary rocks and imp ly that CHRA dis-

p lacements computed for events  of s i m i l a r  s t r e s s  drop w i l l  be equal to or

less than disp lacemen ts computed for other shallow earthquakes. They also

imp l y conversel y tha t for the same displacement , the Stress drops in the CHRA

should be greater than or equal to stress drops in other shallow earth quakes.

Unfortunatel y, da ta or measurement methods to directl y de termine stre5s

conditions in the crust are not currentl y available. However , plausible

stress drops can be estimated from in s itu stress measurements , eva l ua tions

of stress drop for continental earthquakes , and computation of stress drops

for Piedmon t Prov ince or CHRA e a r t h qua kes.
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In Si tu stress measurement are not available in the CHR.A . Ne v e r t h e l e S S .

measurements near Atlanta and the Bad Creek site near Jocassee incl cate

d e v i a to ry s tr esses on the order of hundreds of bars .  At s h a l l o w  d e p t h s ,

1000 to 2000 b a r s  i s  s i gnifican t to cause rupture of fresh rock but it is

unl ike ly t hat such s t r e s s e s  could e x i s t  ove r an e n t i r e  f a u l t  p lane . A s

ind icated by the near—surface measurements , s u c h  s tre sses c o u l d  e x i s t a t

locked poin ts along a fault p lane or at d i s c o n t i n u i t i e s  in a fracture surface.

Howeve r , at distance the se i smic waves of an earthquake are p r i m a r i l ,

de termined by averages or effectiv e stress drops distributed over the entire

faul t plane. Consequentl y, indiv idual measurements of stress would not be

expec t ed to be as m e a n i n g f u l  a m e as u r e  of the average stress drop as would

be s t r e s s  drop est imates based on s e i s m i c  waves at d i s t a n c e .

Eva l u a t i o n s  of s t r e s s  drops for i n t ra p l a t e  e a r t h qua kes are  l i m ted .  The

mos t extensive available evaluation of eastern United States earthouakes

(Street et al. , 1976) i ndicated that events of seismic moment greater than

5 x 10 23 dyne cm (equivalent to M
L 

> 14.0) have a stress drop of 6 bars. The

lac k of variation is indicative of a si m i l a r  ph ysica l mechanis m for th e

i n i t i a t i o n  of rupture along a fault. Street et al . ( 1976)  a l s o  noted t ha t

the s p e c t r a  from the larger  event s  i m p l i e d  p a r t i a l  s t ress  d rop w h i l e  t he

sma l l e r  even ts  o f t e n  imp l i e d  complete s t r e s s  d rop . In commenting on the

onstant stress drop fo r l a r g e  eve nt s , St reet et al. (1976) suggested that

the ear thquake process in the region i s  u n i f o r m  i n  cont ras t to sout h e r n

Califo rnia , whe re a wide range in stress drops occur for events with the

same s e i s m i c  moment.

The stress drop of the August 2, 1974 CHRA ea rthquake was e v a l u a t e d  by

B rid ges (1975). He used a variety of theoretical and emp irical relations

and observed data. The most reliable estimates averaged 5.0 bars and varied

by onl y + 1.0  bar .  The t h e o r e t i c a l  e s t i m a t e s  are based on the magnitude (M
1
)
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and f au l t  a reas e s t i m a t e d  from the spect ra  and f rom the aftershock zone .

The empirical methods (from Gibow icz , 1973) are based on aftershock ‘b ’

values and the difference i n magnitude between the main shock and the

la rgest  a f t e rshock .  The norma l s t r e s s  drop (a f te r  G ibow i cz , 1973) for a

magnitude 14.8 even t was g i v e n as 0.74 bars indicating tha t the stress drop

for the CHRA earth quake of August 2, 1974 was anomalousl y hi gh. The hig h

stress drop is consistent with the implication s of the high near—surface

r i g idi ty of the Piedmont Province , the lack of observed movement along

existing faults and the mechanism of stress amp lification i n  nea r sur face

geo l og ic units.

Rece nt spectral data from the CHRA (Marion , 1977 ) i n d i c a t es  that  the

l a r g e s t s tr ess drop  for m ic roearthquak es was 7 bars. Furthermore , t h e

spectra i ndicate trartssonic rupture velocities and , consequentl y, a minima l

f rictiona l stress along the fault p lane. These cha racterist ics are ind i ca-

tive of a near-tensiona l stress condition which would be susceptable to

perturbation by ground water pressure variations.

Pla usible stress drop based on these date would be 5 to 7 ba rs .  The

data  are rema r k a b l y consiste nt and no data in the Piedmont Province exist s

to indicate that hi gher stress drops exists.

( OCAL MAGNITUDE (M
L

) FOR MAXIMUM EARTHQUAKE

In a cons i d e r a t i o n  of the spectral theory of se i smic sources and a com-

parison of the t heory to spectral data , Randal (1973) developed a relation

be tween Local Magnitu c~ (M t) faul t dimension and stress drop. The relation

was shown to be consi stant for a large range of observed data. Figure 3 shows

t h i s  r e l a t i o n  mod if i ed  for the genera l l y observed s t r e s s  drop of eastern

Un i ted  S t a t e s  and the Piedmon t Prov i nce of 6 b a r s .  The max i mum f au l t  p lancs
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Figure  3. Randa l’ s (1973) relations between local magnitude and e f f e c t i v e
faul t radius adapted for a stress drop of 6 bars.
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of 10 and ~~~~ 
~~2 ind ica te  max imum events of magnitude (M L

) 5 ’ i  and

5.6 respectfull y. The largest magnitude observed for a Piedmont Prov i nce

earthquake is  5. 145 (Long , 1977) and is cons is tan t  with the maximum

plausible earth quake computed independentl y from stress drop considera-

tions and p lausible fault p lane dimensions. The smaller dimensions in-

dicated by individual activity zones in Jocassee area and by the geo l og ic

units prevalent in the CHR.A would be typ ica l of the magnitude 3.0 to 14.5

events more commonl y observed in the Piedmont Prov i nce .
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A Sei sni ic Ri .1 iei~ s

of the R. [- . P-~s- cli Dan Site

Dr. C. A ii m  Cor~ y l1

Cambridg e , ~~, y  ~~C T
February 1977

SUMMARY

Using U.S . Army Corps of Engineers input assumpt icn~:, t h i s  ~eis ri c

r isk ana lys is  produces est ir -at es of M . I ~. Inten s~ ty V an-~ .1 as t~e m t - n -

sities associated with 0.01 and 0.003 annual ri~~ks res pe cti v - iy. ~r ns 1a -

t ion to peak ground accelerat ions can be accci~p li sh ed in several .~oy s ,

typically giving 0.01 annual risk acceleration val u e . (100-year r-c~~urn

periods) of about 0.075g. Lovler risk values are mcr~ sens i t i ve to

t r ans l a t i on  tec hn i q ue and the i n p u t .

IN TR OD UCT IOII

The object ive has been to estimate the annual  p r ob ab i f l~,ies c~

ing any given level of earthquake irltensi ty * at the R. B. Russe l l  fl~ ni ~i t - .

The estimates are based on analytical seismic ri~ k analysis u t i iiz i r : nano-

meter values and data provioed by the U.S. Army Corps of Engineers 1L~~\CS
’ .

The pri mary task was to estimate these risks (1) in terms of the t~cu i i f ied

Mercal l i (M.M.) Intensity at the site and (2) with the parameter value s

direc tly provided . This study is pretent~ed in Part I of th is ren’ort .

seconda ry task has been to estimate these ris ks (1) in terms of peak ar- :ur ’

*The term “ i n t e n s ~ t y ’ is ienoral and includes r-roJ nrnure cclr ’~o~~t c ”~
capi tel ized ~~~~ 

‘ in te - n i t i  r te , r tu t he ‘-
~ ~d f ed ‘ c :  I i  ( - -

s p e c i f i c a l l y .  E-oth Roman and / \ ran i c  flu er ~~ }s ~i 1l re- u - -~ u for  n : .  ~~. c r
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accelerations at the si fe and (2) with consideration of additional or al-

ternative pa ra’eter assumptio n s. Th i s study is outlined in Part 2 of this

report .

PART 1: MOD IFIFO -‘~ R C A L L I  I N T E N S I T Y  R I S K S  FROM USAC E INPUT

Objective The output of this analysis is a plot of annual probability of

exceeding (or its reciprocal , mean annual return period ) versus M . M .  Inten-

sity experienced at the R. B. Russell Dam site. The input includes esti-

mates of potential epicenters of earthquakes , their epicentra l M.M. Inten-

sities , the mean annual (and relative) occurrence rates of the latter , plus

attenuation l aws that predict site Intensity given epicentra l intensit y and

distance The i nformat ion used for the input is that provided directi ) by

the U.S. Army Corps of Engineers , with interpretation by the consultant

where necessary . The reference for this information is the handout m~-

te ri al of the November 18, 1976 , meeting on the R. B. Russel l Project at

Vicksburg , M ississ ipp~ , plus associated discussion periods. This material

included source zone maps , an earthquake catalogue, and attenua tion equa-

t i ons , etc .

Input ;  Source Zones The source zones are those identified by the name s

Piedmont , Blue Ridge , Co as tal Plain, and Charleston Area on a USACE map en-

titled “Seismic Zonation Around Project Site ” in the handout material ci te - c

above. The map is reproduced as Figure 1 here. Bounding the reg ion by

the latitud e-s ano 1on~ itudes shown (and eliminatin g the area renrc~c~ ted

by the M.M. Intensity Scale information block in the l ower left corner

the map), the areas of the four reg icns are estimated to Le about 123.DCO I~~~1
”

,

49,500 km 2, 69,OCO ~~n1
2
, and ‘ ze ro ” km 2 , respectivel y . ~rcuese cf its dis-

A Ppe nd I x I
0~ 1~
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tance of several hundr ed kil a - t e’- , the ha r le nt o ’  reg ion c n ~~~~ tati t-

factorily (and more simply) represented as a concentr atrd Ilo int source

of activity (hence , its zero area).

i~p~t Source Act iV i
~L

Potes and b -V a lu e s The’e ~ e r a n  eUlrS .-,erV os t ina te - u l

by the c o n s u l t a n t  f r om the catalogue of eartLd~a~ u s ravided by the ~ACE.

The object was (1)  to est imate v ,  the mean number e-f events per ~~ar ~rea~~ - r

than epicen tral N .M. Intensity V in each of the fcur :ources an-I (2) the b

(or slope value)  in the standard log N 1 a - b10 relati sn .hip (in which

N is the mean annual number of events equal to or g r~-ater than in tc-n si t y

The value N. M. Intensity V is used simply as a conveni e nt r e fa r u nea

value. (Smaller values are in fact included in the cor-~uta t i ons ,  h u t  t~- r/

are not s ign i f i can t . ) The important sources are the Pied cunt ~i d Ch~ r les tur .

As wi l l  be confirmed in the resul ts , errors in est i mat in g v and 5 for t~ e

other two sources are rot  important because of the co m bi nu d l a r sa  m i rIn -~

distance and l ow max imum ~~~~~~~ ep icentra l ln c-n s i t y  pOte - r i  ?a I  of the Dive

Ridge and Coastal Plain source s.

Simple catalogue counts in 119 years (1857- l~ 76) r e s ro le d  ~ nt: -

of V or greater * in the Piedmont source zone (Fig.  1) and 8 sucn v e r t s

near Charleston. There were 4 events in each of the 0th r urea

values produced v va lues of 0 .126 , 0.0336 , 0.0336 , end 0 .0672 f-s r the -~

sources respect ive ly .

The va lues of b bore est imated from log N versus 1
~ 

plot ~ of t~ e d a t a .

For the Piedmont a l ine was fit through the Intensity V and V I values (as-

suming that some values of IV or less are unreport ed and t fn t th~ v o l u ~ e V T I

is s ta t is t ica l ly  unreliable , being based on a single event). This line

*All borderline values , e.q ., those denoted IV-V in the catalog us , were
counted (conservatively) as the larger value.

App endix
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y ields a b value of 0.36. (As will be discu ssed in Part 2 , this v a lu e is

probably low ; low values are conservat ive as they imply lurger nu :sncrs of

larger events.) Data wer e insufficient t n  estimate the b valucs in the

Blue Ridge and Coastal sources (e.g.. there were no V I s  or greater).

Therefore, the same value , b = 0.36 was used . For the Charleston source ,

a value of b = 0.31 produces a line which passes almost perfect ly through

the values at Inte nsitiy IV , V . and V I.

Input; Upper Bound Ep icentra l Intensities These values were obtained from

the upper bound magnitude values provided by the USACE reference. They

were ML = 5.5, 5.5, 5.0, and 7.0 for the Piedmont , Blue Ridge , Coastal  , and

Cha rleston sources respectively. Using NiL 
= 2.1 + 0.5 10 

(from the refer-

enced USACE material), one obtains maximum epicentra l intensity values of

VII , VII , VI , and X for the 4 sources. The USACE and the ir co nsu lta nt s

conf i rmed these Intensity values.

Input ; Attenuation Laws The attenuation laws recommended by US$’CE were

I 4.75 + 1.25 10 
- 5 log 10D 10 km ~ 0 t~ 100 km (1)

I = 3.7 + 10 - 0.00110 - 2.7 log 10D D ~ 100 km (2)

in which D is the epicentra l distance. For ve ry small values of D , =

of course. The first equation above produces a discontinuity at D = 10 km

If used with I = I~ for 0 f 10 km. This was eliminated by using:

(a) I = I~ for 0 ~ 20 km for 6.0 c Io ~ 7.0

(b) I = I for 0~ 16.5 km for 5.0 < I ~ 6.0 .

0 0

(c) I = I~ for 0 ~ 10 km fo r I ~ 5.0

App,- ndi x I
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together with the fir -at equation above for values of 0 larger tha n thase

indicated here (but less than 100 km).

The dispe rsions (“Standard errors ”) in the attenuation pred iction equa-

tions were not provided directl y by the USACE. The consultant estimated

these f rom the USACE provided figure entitled “Intensity Attenuation Ver s u s

Epicentral Distance in the Region of Richard B. Russell Dam. ” Those his -

torically observed values of site Intensities were p 1 otted versus t h e  I (versus

and D)predictions from the equations shown above , and the errors (ob-

served minus predicted values) noted . For the “far-field attenuatic o law

(Eq. 2), the average error was only 0.04 (i.e., the prediction is effec-

tively unbiased ) and the standard deviation (or ‘standard error ”) was found

to be 0.50. (The sample size was 13.) For the “near-field” ec~uation (Eq .

2), the average error was -0.99, suggesting an uncor.servative bias (the

sample size is only 9, however). The standard deviation (which is based

on the mean squared value with respect to the average observed error , not w i t h

respect to the predicted value) was 0.77.

Analysis Method The analysis method used is that referred to.as seismic

r isk analysis (see, for exa mp le , Cor nell a nd Merz , Journal of the Struc-

tural Division , Proc . ASCE , Vol . 101 , No. S’’0, 1975 , p. 2027, m d  refer-

ences the rein). It integrates over possible epicentral intensity values ,

possible epicentra l locations , and possible deviations from the attenua-

tion prediction (all with their appropriate relative frequencies) to de-

terr~ine the risk that a given N.M. Intenc ity is equafled or exceeded at

the site in any year.

Resul ts The results are shown in Figure 2 as a curve marked “Total Risk . ’

The estimated risk for site M .M. Intensity V is 0.01 (i.e., M.M. Intensit i

Appa nd i x I
5 of I-S
S, c t ion I)
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V is  the  value w i th  a 100-year s c a n return period). Intensity VI has a cu’ --

puted annual probabi l i ty of being exceeded cf about 3 x lO~~ ( i .e . ,  a 350-year
mean return period). The model predi cts non-zero risks of intensities

greater than the local epicentral  upper bound of V II , because of the dis-

persion in the attenuation law; for example , an epicentra l event of 7.0*

(outside the 20 km epicentra l region , at least) may have an estimated site

intensity of say 6.75, but there is about a 1/6 chance of an “error ” of

0.77 units (the value of the standard deviation ) or more , i.e., a site in-

tensity of about 7.5. These observed deviations from the predicted site

intensity (especially those that produce values larger than the epicentral

value) may be attributed in part to poor local soils conditions at the site

where the higher-t han-predicted intensity was orig inally observed . If the

dam is built on good foundation materials , such large deviatic r s may well not

oc~.ur at its site. In short , in application tb., the Dussell dam site , the

risks est im ated he r e  are conservative with respect to the deviation assump-

tion.

Of s ign i f icant  interest are the re la t i v e  va lues of the contributions

to the total r isk As shown in Fi gure 2, wi th these parameter values , t h e

Charleston source contributes the major portion of the risk over the entire

intensity range. V i r tual ly  all the remainder of the risk is contributed

by the Piedmont source. For examp le , at si te Intensity V , where the total

risk is 0.010 , the contribution from the Charleston source is 58~ and the

contribution from the Piedmont source is 28%. Of this total of 28% , about

12% is from events of epicentra l intensit ies of 6.0 or less , wh i le  the

other 16% is from Piedmont events of 6.0 or less. Of the 28~ , about ll~-

Is from events occurring so c lose that the s i te l ies wi th in  the eu iccntra l

*The proqrani t rea t -  M t ~. In ten t i t ies  on a co ntinuous sca le ;  b e r m , tre use
of dec i r - a l  value s . If th i s d is turbs the render , consid e r tbecc 

- M t ’  In-
tensit ies ” as re-scal ed Mag nitudes (or in  the  site intensity c-i s as re-
scaled log acce le ra t i ons ) .
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( i .e., w i t h i n  t h e  max imum iso-seis rna l line), whereas the other 17 ’ is

caused by events occurring at a greater d istance.  The larger Charlesto n

risk contribution is not surprising ; consider t h is  s i mp l i f i e d  calculation.

For attenuation law given above (Eq. 2) ,  i t  r equ i r es  ar epicentral Inten-

sity of 8.2 or greater to cause at site intensity of 5.0 or greater (as-

suming the prediction error term is zero). But the mean annual rate oi~

such events at Charleston is 0.067 x l0
_0
~
3 8

~
2_5

~
0)or 0.007. This is 7C-

of the total risk of 0.010 of site intensity 5.0 or more.
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D A R T  2: f~~7 . GPCIII~ D A’~CFL ‘tTICN R I S~

In this part of the report we shall consider the annual risks of ex-

ceeding a spec i fcd pea k ground acceleration , a , at the site. In addition

several ccs a r re ’ts of t h e  anal y sis and parameter values used above are dis-

cussed r are  ~~l 1y . Several altern at ve sets of results are presented .

Esti r ted P - a -  ru in u ’ ~ c~~1 P r u t i a n  Pi cks/LISPCE Input One technique tnat

can be - u - e l  to es t i -- a t e the peak ground accelerat ion from a given N .M. In-

tens it~ (a s soc i a :J w i t h  a par t i cu la r  annual r isk) is to use a simple I to

a conve rsion. Th~ ~~ CL handout ma terial referenced above makes use of an

unpublis hed document en t itled “Desi gn Earthquakes , ’ by E. L. Kr in i tzsky

and F. K. Chang of the UY~CE Waterw -~.vo Experiment Station. They give plots

of accelerat ions corresponding to a given M.M. Intensity in the near and

far field and for different likelihoods of being not exceeded . The ‘pre-

d i cted v a l u e s ” (i.e., the median values or the values wlth a 5C probabi-

lity of not bring exc eede d) of peak ground accelerations civen N .M . Inten-

sit ies V and V I I  are , respectively, 0.OSg and 0.20g in the near field and

about 0.02g and 0 .12g respec t i ve ly  in the far f ie ld.  These resu l ts  ar e

not inconsistent w it h  those est imated by several  others in recent years.

The near-f ie ld predictions are much larger , however , than the ear l ier

Gutenberg -Richter relationship commonly used .

These median values m iqht be used to transform the Total Risks resu ltc

of Figure 2 to g ive peak accelera~ ions corresponding to given an nu a l ri sks.

Presumabl y, because of the large risk contri b ution due to Charleston , the

far-field transformation i s  to be p r e fe r r e d *. This im plies a lOO - ,~ ar r e i n

*Wei ghted schemes could also be developed .

A p p e n d i x  I
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return period of about O.02g and 2500 -year return period for 0. 12g.

Howeve r, the dispersion in the  I to a relationship is large. The

aforementioned Krinitzsky and Chang paper shows a 85’~ fracti le of O.38g for

I = 5 and O.6g for I = 7 in the near-field ,and 0.09g and 0.2g, respective l y,

In the far field. The implicat ion is that it is not unlikely that very

small M.M . Intensities produce ground accelerations larger than those pre-

d icted (expected ) from only much higher N.M. Intensities. For example ,

with these results an N .M. Intensity of only IV to V has a l5~ cha nce of

produc ing an a value of 0.2, which is a value not expected until an N .M.

Intensity V II. The (near-field) dispersio n implied by the USACE paper

cited is substantially greater than that estimated by others. The typical

3—1/2 to 1 ratio of the 85% fractile to the median (near-field) is often

reported as about 2 to 2-1/2 to 1 by other data analysts. It must be

granted that virtually all other analysts have mixed near- and far-field

data . Krinitzsky and Chang find a ratio of some~!hat less than 2 far this

ratio in the far field. Their near-field dispersion value is probably r - u~ h

too conse rvative , however.

Instead of using median relationships , the risk curves could be tran:--

lated from M .M. Intensity to peak acce leration via “conservative ” transla-

t ions such as the  USACE 85~. fracti le levels. Using the near-field transla-

t ion , this produces a 100-year return period acceleration of more than O.3a

(N.M. Intensity V). But this result is incorrect because the risk analyses

imply a large contribution from the Charleston source for which a far-

f i e ld  t ra n s l a t i on i s mor e a~propri ate. Using the USAC [ 8~~; fract ilc far-

field conversion , one obtains a 100-year return period accel er - atia r i of a ’s i t

0.08g and O.2g for the 2500-year value.

-\; I’’ nd ix 1
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In princi ple , the tr ansl ation should be found by considering (inte-

grating over) all possible conver sion factors together with their relative

likel i hoods. (See, for rxa n iple , the Cornell and Merz reference cited

above.) The same result is produced , however , by re-doin q the seismic risk

ana l ysis for Lne(a). This is accomplished by inserting a (median-value)

relationshi p such  as Ln e(a) 
= b

0 
+ b 1 I into Equ ation 1 and 2 and by proper-

ly combining the  standard deviat ion of I (g iven I
~ 

and 0) wi th that of a

(given I). Assum ing that a given I is approximately lognorma l ly d is t r ibu ted

(as several investigators have found), the n a t u r a l  log  of the ratio of the

84% f r a c t i l e  t the  5(Y fracti le can be interpreted as the standard devia-

tion of Ln 0(a) given I. In the near field the USACE valu e is 1.25 and in tb’

far-field about Q. 5’5 . The rule for combining these standard dev ia t ions

w i t h  those c i ted f o r  the at tenuat ion laws is simply the square root of the

sums of squarer (after first multipl y i ng the standard deviation of I g iven

and 0 by b1 f r en’ the relationship Ln e (a) = b0 
+ b 1 1 ; this b1 value is

about 0.8 f r  a up to 0 .2  (I up to V II) and about 0.46 for larger values).

The (too l a rq  -
~~ t . r s  assoc ia ted  with the standard deviation of the I to a

trarìsf r r’r t lo n dc -::i irrtes tue total result of CL n ( a )  1.60, for near—field.

smalle r a l- v - l s; 
~I n(a) 

= 1.38 fur near—field , larger a levels; ard CLn(a )
= 0.65 for all far-field values. Th e  resul ts of this a aiysic are a 100-

yea r retu rn - r i  - f r  n n;’u inc a 3~’O-~~i - r  return ne rie rl for 0.2g.

Notice that ru e re rrn period of a 0.2g site accel e ration is substan-

t ia l l y less  ( t he  r~ ’J h i 0 e e )  than that predicted even re the carrse rva ti ve,

f i r  1 1.1 s Omp I F r ed  I to a traush. ~ori . P t a  1 d in sp ec t ian of the resul ts

shows that Crarlest on no longer ccntri butes s ign i fi c antl y ta t I c  r isk at

this a cc e l e r i t iur l o , l ;  t ’e risk of exceedin g a 0.2g is now due a lmost  so~ e 1v

to ne r - f ie id  s~ - a l l r - ‘
~~~

-
~~. I r i t -  sit y ) r v e r t .  The ro n-on is te e di ff-rence

~ li t UI 
- 

I i i  ‘ ii~~ r rn I al o a ~‘ral 1 r qa lat ion
which is co ru ’ - r - v a t r v  1~ i: -~1 e c t e ’d b i n  . 

-
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in the near-field versus far-field acceleration predictions and the arove-

stated h i gh l ik el i hoo d of sma l l e r N .M. Intensity (near-field) events caus-

ing much higher-than-expected accelerations.

Discussion of USACE Input Values The consultant believes tha t several

points concerning the recommended input values used above deserve a cri-

tical review by the USACE and its other consultants.

The catalogue alone may not produce as reliable estimates of mean oc-

currence rates, v, and b-values as a broader look at East Coast regional

seismicity might. Incomplete recording of Intensit .y V events in the Pied-

mont region considered may explain why the b value (0.36) is unusually lo.~.

Boll inger (B.S.S.A ., Vol . 63, No. 5 , 1973, p. 1785) estimates a b value of

0.59 for the Southeastern U.S.* This may well be a preferred b value.

Used in conjunction with the assumption that the counting of M.M. epicentr al

Intensity VI ’ S or higher has been complete in the Piedmont source

7 in number), we extra polate backwards to an e s t i m a t e d  28 even t s  of V cr

more. This yields a v value of 0.235 (rather than 0.126) per year. The

net effect on the risks of changing both b and v will not be lan ce , ho - , u c v c r .

It will generally reduce the risks of larger intensities.

The attenuation laws (Eqs. 2 and 3) have marked discontinuitie s a:

100 km that preferably should be resolved . More important ly, the observed

unconservative bias in Eq. 1 deserves more careful study . As m entioned ,

based on 9 data points (within 100 knr ), it predicts on the average atco ut

1 M.M. Intensity unit too low . This possible b ias may be less at smalle r

(more important) distances (recall that the lower value of 0 was adju~ tad

so that it predicts I = 10 at 0 
= 20 km or less).

The N .M. Intensity to accelerat ion tr ansl atinn s also dc~ervr r or ’ car

study. They are the source of very lar~e acce lerations (for giv en near-

In an earlier paper , Boll ing er alco found a Charleston b v - ilu e of 0.31
and pointed it out as an anom al y .
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field M .M. I values). The recent work of R. K . McGu i re at USGS may be re-

levant. In particular , the la r re dis p er sion in the Krinitzsky/C hang rela-

t i on s h i p  (together with the unusua lly low slope b1 at moderate-to-high M.M.

I values) implies that substanti al risks of very hi gh a values are unrealis-

tically and conservati vely being attri buted to only moderate M .M. Inten sity

values. Roughly, the risk for a ciiven source is proporti onal to e L150
2 /’
~~

i n wh ich c2 is the constant in I (or ln
e

( a ) )  = c 1 
+ c2I - c3~nD. For the

near field , c2 is 1.25 for I; it is about 1.0 for in Ca) (for a less than

about 0.25g) and about 0.6 for higher values of a. The exponential depen-

dence imp lies risks very sensitive to hi gh a values , especially if c
2 i s low

and b large. See below .

The consulta nt considered several alternative parameter choices. For

example, without adjusting the possible bias in the attenuation law , the

other parameters were altered to persona lly preferred values. The v and

b values for the Piedmont were adjusted to those just discussed . The stan-

dard devia tion of the near-field I-to-a transformation was reduced from

1.25 to 0.8 yielding a net value of about 1.3 (rather than 1.6) for smalle r

a values (less about 0.2g) and 1.0 (rather than 1.38) for larger a values.

The results are a 0.01 annual risk (100-year mean return period ) peak

9~~ypd acceleration of about 0.07 and 0.OSg; a ~~~~~~~~~~~~~~~~~~~~

year) acceleration of abou t  0~~g. These acceleration values are comparable

to those above for l arger ri sks , but su bsta n t i a l l y  sma l l e r for a nnu al ri sks

of l0 or less. Given an N.M. Intensity no greater than VII, however ,

even these higher accelerat ion peaks (above 0.2g) would be associated with

very short durations.
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INTRODi~ TION

It is appropr iate  to investi~ a t -~ tII - set t ing of a - • - W  13K - ,

SUcC 3S the Ricnard B. Russell R~ servoir , to asce r ta in w ro tn t r or not

spe c ial circumstances exis. tha t should be included in a nruder.t evalu-

at ian of seismic rj s~~. As w i l l  be E n o w n , a ra t ional  pred iction may be

made of induced seiscr ic i ty  or as ismici ty ,  but the s t a t e  of the art

does not offer proof tha t a site h av ir l unfavorable condi t i o ns wi l l

necessarily show enhanced seismicity. This report deta i ls  the find—

inns of such a s tud y,  conducte d during July to Oecenb~ r , I 3 Tt . It

entails bot h library anc f ield research , and i r , t ee la tCs  into the pro-

blem some aspects  of the structural ~uo lc~ y, qeomorpno lucry . hydr o—

3eo logy and rock mechanics.

Eva luation of the potential for induced so ismic it y  b-~ a

proposed reserv o ir may fo l low ei ther an empirical line of comparison

wi to  o ther  r~ servo t rs , rec ions or c i .c icrstances , or a i terna z :\’elv , it

may deve lop  a rat ional t h e o r y  of cause and e f f e c t ,  t1eit~ er suffices

a l o ne , and eve n ifl  th e best  combinati on , these awo approacnes do not

y ield answers as precise as we need . Because a set of c i rcu mstances

botr. necessary  and suf f icient to produce ear thqu a kes  by reservo i r

b a l i - ne is not yet known , the empirical approach is m icir -iz .; in th i s

rep ort , in favor of a genetic , causa t ive approach t icat may lead to

better understan ding of the pic-oro nenon , more reliabl e pre-ciccior ., ano

t oeor y applicable in other ceo loo ic a l  c i rc umstances.

A brief summary of se ismolo~ i.al and c e o l o c i c a l  c i r c -um-

s a c c e s  fo l lows.  These to p ics  are a al t witn in deuth b y lirir itO. .,

Lutton a-nd Hancock in this volume . Because the empir ica l  c:m rca ric J r

is largely inconclusive for pr-od iccio n in tcis case , cutc seq~ - - I set -
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head ings of this report deve Lop backg round for interprotinO tne

history of local stresses. Upon t h i s  seque nce of s t r e s s  c hanges

will be superimposed the stresses to be developed by th- reservoir,

toe last event. In this way, a crite rion of prediction of i:c-duced

seismicity will be developed for the Richard B. Russell Reservoir.

f\ l’I’ t I I l I~ I
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SUMMARY OF SEISMOLCX3IC AND GEOL()1C CIRCUMSTANCES

There hay— been a f•w reservoirs in the world tha t hav~

shown a strong re lationship in time and space to signi~~ cant eart rr-

quake incidence. Among these are Kariba in East Africa , Koyna in

India , K:emasta in Greece (Snow , 1)73, 1974, 1972), B i le~a in Yugo-

slavia and Hsinfengkiang in China (National Academy of Sciences , 1972).

Thero is a muc h longer list of 1”ss certain reservoirs (aoproacr.in ;

3C) assoc ia ted  with earthquakes o~ lower interreity or that oie Out

soon a f te r  f illing (Simpscn , 1u 75). Among these are sev e ra l in tr.t~

Piedmont Province of southeast rn U.S. (Severv , et .  a l., 1975),

wherein the proposed Richard B. Russell Reservoir is to be si tuated .

C~arK Hill Reservoir , immediately downstream on the Savannan Ri ver ,

is one that nas conceivably stimulated quakes (Talwani , 1976).

Jocassee Reservoir , 97 miles upstream on the Keowee River , has been

associa ted witn many l ow—intensity quakes (Taiwani , persona l com-

m u n i c a t i o n , 1976). The geometrical distribution of Jocassee quak-? s

around and under the reservoir and its timing soon after fil] jog pre-

sent a more convincing relationship than does the localized swarrr

near  McCor mick , South Carolina . 22 years af ter fillinc of trr~- O a r ~

Hill Rese rvoir. Hartwell Reservoir , immedia te l y  u p s t r e a m  of the

pr0005ee Russell Lake , and Keowee next upstream , have not  been

id entifi~d with more than one event each. Those reservoirs located

nearb y tne Richard B. Russell sito offer the best possible tests of

the ind iced seismicity to be expected upon filling. ~~ special rio-

cumstanc ?s of each reservoir have been discovered tha t would indi-

cate plausible r -raso ns wh y some (Hartwell a nd K--owee) sho u ld be
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4.

evid ently aseismic , another (Clark Hill ) weakly seismic or delayed

in re sponse , and the third (Jocassee) is producing swarms of low

magnitude (M<4) quakes. Jocassee may be too distant for comparison .

Severy,  et. al (1975) have summarized seismic circumstances

of 6C Piedmont reservoirs from Pennsylvania to Alabama . At 11 of

them , one or more earth quakes have occ urred nearby since  filling,

but they were a l l in areas of natura l , historical seismicity . The

larger and deeper reservoirs have had more nearby quakes than have

the lesser reservoirs. Unlike most seismic reservoirs of the wor ld ,

however , most of the Piedmont occurrences were many  years a f t er

filling. Only Jocassee and Clark Hill have had more than one re-

ported nearby quake. This is not simply a consequence of instrumen-

t a t ion , because  Cart er ’s Lake , Georgia , and Lake Anna , Virginia , hays

proven aseismic with arrays of sensitive seismograp hs i n s t a l led

(L. T. Long , personal communication , and Severy, Ct .  al., 1975).

Only  the Jocassee swarm follows closely the typical prompt res—

ponse to filling of a seismic reservoir.

Hadley and Devine (1974) summarized the regiona l seismic

and s t r uc tu ra l  c o n t r a s t s  of the eastern provinces. Mor-o detailed

se isr ic i ty  of the locality is found in Long (1974) and Taiwani

( 1975). The greatest  r~~~by events experienced have been the M L.-i .3

q u a k e s  of August  2 , 1974 , near Clark Hill Rese rvoir  a r e  tr.e 11 2.5

and 3.0 quakes of October 17, 1975 , and February 4 , i?7n , near J ocassee.

Similar shaking could have occ urred without reservoir stinu larr ion ,

sLic e the 1n olnton . Georgi-3 , quake of ~ovemher 1, 1871 , ~~~ the
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Union County, S.C., quake of January 1, 1913 , w . - r -  more in t ense than

the 1974 events.

If all the necessary tectonic circumstances are met at a

reservoir  si t e , and if the stress changes are -cemonstrab ly unfavor-

ab le , then reservoir impounding can be expected to increase seismicity

by (1) causing seismic events and swarms to occur sooner than natura l

processes would  d i c t a t e , and (2) causing events to take place closer

to the reservoir than otherwise. Unfortunately, we 00 not roaliy

know what all the necessary circ umstances are. It is debatable whetner

a seismi c reservoir may produce greater intensity qua kes than would be

predictable from the statistics of past events , natural and induced .

Of all the alleged seismic reservoi rs of the world , on ly  Koyna has

prod uced a quake ereater than had p r e v i o u s l y  been exper ienced  in i ts

region (Snow , 1974).

The dam is to be founded on foliated meta—dacite of the

Charlotte Belt , and the res ervoi r  ext ends , dendritic in form , north-

westerly across the strike of foliation onto scr.ists and high—grade

gneiss units. There are numerous steep, east-dipping shear zones ,

among tnem the Loundsville Belt , that cross the proposed reservoir.

Th-~ detailed dam-sit e geology is described in the project design

memoranda , and the pertinent l i terature on the areal  g e o l o g y  are

summarized by R. T. Lutton and I~. Hancock in this volume (see bib-

l iograp hy ). From the standpoint of induced seismicitv , the signif-

i c a n t  f e a t u r e s  a re top og rop h i c a l , h ydrological and mechanical:

(I) The reservoir has moderate slo~es and a dendritic pattern
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w ithout a significant b~.s ir.. Erosion has removed a calculated 38%

of the slab encom passed by the watersnei area , t aken  to  a aepth equa l

to  the re l ie f , about 270 feet. The volumes were computed from the

stage—area and stage-capacity curves given in Figure 1. Tle se have

been formed by planimeteri ng contours above the reservoir , ext ending

the Trotters Shoals lower sit e data of 1968. (2) The jointed ,

faulted , steeply foliated intermediate to hign-grade metamorphics

have permeability that can be expected to assure deep penetration of

pore-pressure effects to hypocentra l depths of severa l km. Perme-

a b i l i t y  is probably greater parallel to the foliation than across it,

Suc h anisotropy, w ith maximum across the reservoir ’s long axis ,

suggests propa gation of reservoir pressures far along strike and to

great depth , where average pot ential effects ma,’ approximate half the

surface effects. These fea tures are discussed in a sub-heading on

hydrogeology. (3) Whereas the basement rocks are covered with as

much as 120 feet of saprolite on hills and slopes , the rock is hard

and brittle to great depths , of the quality exposed along the Sav-

annah River . Persistence of sheared material and voids in numerous

deformab le  inc l ined f rac tures  ind ica tes  tha t lat eral  s t ress  cha nges

in response to vertical changes should be computed on the basis of

a Poisson ’s ratio of about 0.3, higher  than l abo ra to ry  data on in-

tact cores would suggest. In addition to shears parallel to steep

SC—dipping contacts there are fractures trending NW and NE tha t

locally control s t ream courses .

The s t a t e  of ground s t r -~s s  v a r i e s  with depth and posi tion
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7.

relative to topogra phy, but since there is a degree of current

se i smic i ty ,  stresses are in some or most places nearly critical for

failure by slippage on some pre-existing fractures within the upper

5 km. near the reservoir. There is some doub t about the magnitudes

and direction of in—situ principle stresses. Most geological and

seismological evidence points to high horizontal compression through-

out eastern North America (Sba r and Sykes , 1973). Faults near

Augusta (Prowell , et. al. 1975), 45 miles from the R. B. Russell da m—

site , have been shown to be thrusts dipping ESE. The one we l l—

measured Charleston aftershock (Tarr , 1976), suggests northeasterly

thrusting. Aftershocks of the August 2, 1974 , quake near Clark Hill

R eservoi r inconsis ten tl y indica te ei ther wrench or norma l f a u l t i n g ,

as do the Jocassee shocks (Talwani , 1976). The nearest in-situ hydro-

frac test results (Haimson , 1976) suggest northeasterly thrust—fault

orienta t ion s, as do some other tests in the past (Hooker and Johnson ,

1969). Until further data suggest otherwise , a stress field of un-

specified direction of high horizonta l compression will be assumed ,

with faults appropriately disposed to accom m odate thrust failure

whenever adverse changes take place.

Though pore—pressure measurements in km. -deep holes in

crystalline rock beneath reservoirs have never been made for proving

the extent of reservoir-induced changes , circumstantial evidence

points to considerable depths of hydraulic continuity. Mine waters

indicate as much as 3 cc. in some cases , toe same order of dep t h

as may be deduced from ~ot springs tha t discharge circulated meteoric
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w a t e r .  Spring discha rge and ~~ez0metr ic measurements at several km.

latera l distance from some reservoirs (Snow , 1972 , 1973 , 1974 ,

Roksandi~ , 1970), likewise suggest propogation well beyond the rc-ser-

voir slopes. No such data are at hand for Piedmont sites , but similar

behavior is expectable.

An increase of pore—pressure in the rocks , when a reservoir

fills , decreases e f fec t ive  stresses in the surroundings. These de—

creases more than offset the increases of e f f e c t i v e  str~ sses resulting

f rom the deadw eight of the reservoir. W hereas elastic subsidence is

correctly computed from total-stress changes (
~~ 

la Gou7h and Gough ,

l~~7C) ,  failure depends upon e f f e c t i v e  s t resses  (Nur and Eyerlee , 1971).

Decrease of effect ive stresses is essential to induced failure (Snow,

1972), but the details of the mechanism are not obvious in any giv en

topographic and tectonic setting. Though the filling of any reservoir

might suggest tha t it should produce failure , it oft- e n does not , pro-

bably because sufficient stress changes are not developed. The his-

tory of deducible stress changes before filling may indicate whether

or not the proposed reservoir should be expected to ennance seismicity

or rot. To outline the effective stress history, an adequate under-

standing of the geomorphic and hydrologic evolution of the renion is

required.

Then uplift and subsidence , heating and coolinu , erosion

and deposition , raising or lowering of water tables can be put into

quanti tat ive term s for comparison with reservoir loading. The reser-

voi r  chanu~’ is superimposed , as the last  event .  The startiic point of
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the stress history is the time of the latest known fauit ing or seis-

m ici ty,  when it is logically assumed that stress was critical for

failure somewhere within the field of reservoir e f fec ts .  The history

ca n then show whether or not con t in ued cri tica l l i ty has rema ined , or

whether a stress threshhold exists to offer safety.
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HYDR~~ EOL~~Y OF PIEDMONT ~-l(~~~ L

¶ When changes in near—surface hydraulic potential occur ,

changes at depth follow . By what degree and to what depth th-- changes

take place are m a t t e r s  of deduc t ion  from observed p roper t i es  of th e

aquifers.

Faults , joints and foliation su r f a ce s  are  conduits that make

the metamorphic units aquifers re lat ive to sriearec or healed zones that

are aquicludes. Throughout the rese rvo i r  r e n i o n  and elsewhere in the

Piedmont , the lithologic units , most sheared anc cat acla st ic zone s and

rehea led fault contacts  stand vert ical ly  to steeply inclined, striking

northeasterly. The writer believes the boundaries constrain the flow ,

so tha t the region is strongly anisotropic , with maximum permeability

along the plane of contacts and the minimum , normal to it (Snow ,

1969). The alternative favored by Sever (1964 ) is that flow is c on-

cent ra ted in planar openings parallel to the bedding , fn liat i~ n and

axial-plane cleavage. This may also be true , since the modest (2~i

gal. ocr day per f t )  transmissibilities calculated from packer in—

j e c tj o n  t e s t s  in drill holes (Stewart , 1962) are  d e m o n s t r ab ly  cue to

f rac tures , not the rock mass.  Joints not parallel to foliation also

abound , but thebe are apparently not as e f f ~ ct ive or as continuous

as condui ts c ompared to toose  parallel to fo l i a t i on. Thus boundaries

limiting the extent of jo ints across fo l ia tion  may contro l  an isot ropy.

This would account for the elliptic ity of a orawd own cone at toe

Georgia Nuclear Laboratory , and enhanced b ae = - f l~~w of streams f low-

irt g across the regional strike (Sever, 1062).

A ppendix I
I I  Of 57

Sect ion I-;

~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

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



~ ‘__ __ _  - - ---—~~~- - -~~~~~~~~-- -_
~~~~~

-

11.

The depth of permeability is conjectura l , s ince  d r i l l  hol es

exceed ing  42C or m ore f t  in the Piedmont are rare , and mines are

scarce. However , wate r  occurs in f r a c t u r e s  to all depths explored ,

even if the f r equency  and conductivity of open fractures diminishes

with depth (Snow , l968a). Water in deep mines , such as at 3.3 km. in

the E. Rand mires , South Afric a , thoug h rare , shows that crystalline

rocks have conduits capable of transmittina pore pressure , even if

they are incapable of transmitting significant quantities.

LeGrand ’s (1967) interpretation of near-surface Piedmont

hydrology in relation to topograp hic position is germain to this re-

port. The water table generally lies within the saprolite , which may

be from 0 to 150 ft. thick , but water reaches fractures below by fil-

tering through tha t cover. The water table is 30 to ‘D feet deep be-

neath hills , but coincides with streams in valleys. This shape in-

dicates latera l drainage from upland recharge to lowla id discharge

areas. The depth of such circulation is a moot issue for water supply

consideratio ns: only st-allow aquifers giving relatively high well

yleins are of interest. But for rock mechanics purposes , the full

u—netrati on of the influence of different surface potentials is the

Sien l  ficjn- t property.  The depth of concern is probably as deep as the

zone of shal low earthquakes.  Observed earthquakes c lear ly  induced by

reservoirs (e .e.  . 2-3 km . at Kovna , India)  suggest dee p penet ra t ion .

The wat - -r tabl e snape bears a complex relationship to the

ra te  of rocoar ’ ;e  through eepr~~llt-e underlying slope a reas , the dis-

t ribntion of permeability w i th -dep th and positior., and the slopc-

AI’n -nd jx 1
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angle. The distribution of potential at de pto depends on the sndpe

of the water table and the orientation and permeabili ty variations

along conduits , such as faults and jo in ts .  A t  great depths , the per-

meable  features of interest are faul ts , whereas nearer the surface ,

the features of importance are largely joints that open with unload-

ing or erosional releases of overburden and tecton ic  loads. The

depth of weathering is paramount near the water  table. Saprolit~ is

lacking at the level of important streams like the Savannah River ,

which expose bedrock. There , joints and faults abound. Relow a few

hundred feet , presumably only faults are important.  ~ou b t l e ss f a u l t s

are anisotropic and heterogeneous conduits , but for lack of informa-

tion on specific one s , it is assumed that they f unction as near-vertic al

planar condu its , within which a predictable circulation takes place

accord ing  to any assigned or supposed pattern of cranginc permeability .

If the pattern is only depth—depen dent , the circulation from hian-

potential recharge regions under topoarapnic divides to low-potent ial

discharge regions under streams is symmetrical. ~ornp lex cellular

f low patterns , shown by T6to (i cu2) and by Fre ’ze and 4 itherspoon

(1967), depend upon toe geology and configura tion of the eater table ,

whic n mimics the topogra phy. The potential a t tb-c erea tes~ dept-s.

our present concern , depends upon the ma ;or topo .: r-ap nic f - a  t ures , wnico

give scale to the size of the major c i rculat ion ce l l s .  Figure 2

illustrates the idea l pattern predictable for isotxop i oomoneneous

ground or for a vertical conduit in the same plare. In toe Picomont,

ma2or divides betwee n SE—f low in ’ i  r ivers lie rouunl’, 2~ to 25 ~rn.

App~-nd ix I
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apart , and a cell of half that width can ~xtend to at least such

dep th s if hydraulic continuity exists. At shallow depths , nested

cells re late to the finer and finer dra inage systems of the den-

dr itic stream pattern. But potentials , and consequent ly  pore

pressures at hypocentra l depths , are most dependent upon tn~ see p-

est , or regional circulation cells. Changes in c t ct,tia l at d c-th thus

reflect such boundary potential changes as occur by r’~s-:rvcir filllr.n,

valley alluvi ation with corresponding water table rise , valley in-

cision , etc. If there are deep—penet rating but isolatu-n , dea n— cn n -- n

conduits like faults , potential changes in such static water column s

will rospond to the potent ial cha-ige in the ie-~p~st overlying cir-

culation cell , and ther efore also respond to boundary potential changes.

The time f~r a change to take place (h:eells , 10 7 2 )  af ter

a boundary potential is cnancud depenos upon tne depth ir quact iun and

upon the niffusivity. The latter is the ratio of perneabi lite to

storat ivity, both of wh ich decrease with depth (Snoc , l’~F8). The

rate ci rropdaation of a transi ent may not decrease w ith deoth ; in-

deed , there is seismic evidence at Koyna tna t once the pore presseres

lnnuced by the reservoir had penetrated the Deccan traps into tne

cranitic basement , seismicity spread rapidly in lateral directions.

Talwani (~ ersona 1 communication , 1076) has some ef tr.° first measures

of tne obs- :ur- ’ diffusi ve procerties of basement rocks , found b- mea—

surjr~ t~~~~ tnr ’~e-cirnensiona1 spread of i n n uc e d  - ~rthquakes in the

Lake Joc ass ~~ rxl ion. It is conce ivable tnct pressures nay di ffus~

so quickl y that in some cases , in dute ed earthquake s may occur over

i x  I
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on ly  a f ew m o n t h s ’ span (as at Mnnteynard , France), er - r - a s in other

cases (Lake Mead , Clark lu ll Reservoir ), the transient may taKe mary

years to complete the hydrogeolog ical-seismic s t r e ss  aO~ ost me nt .  Ex—

perience at many reservoirs suggests tha t the span of u c i a l  i n d u c e d

seismicity is a few years.  The Joca ssee da ta are co r .s is te r t wit h

that view. Similarly, a new reservoir like the Ricrard B. Russel l

Lake should develop a seismic response in 2—3 ~ca rs .

lVhen a majo r  conduit , such as a fault , lies parallel to a

reservoi r, an extensive boundary length becomes an equipot ential

(the head is the reservoir elevation) -.vith a sharp drop of potential

at the dam , produc ing under—seepage. At deptn immediately below t re

dam , the increase of potentia! is equal to half the reservoir depth;

at shallow depth below the reservoir , t h e  increase apo roac nes the full

submergence , diminishing upstream and witn dept n be low the tna!weg .

if regiona l groundwater circulation is nominated by faults parallel

to the river rather than fau ts t r ibutary to ard ac ross  the rivers ,

decreases of e f f e c t ive stress e f f e c t  or -eate r fa- i lt  a reas  and gen-

era l l y  have greater magnitude.

It is concluded tha t pore—pressure onanges at deep levels

in the vicinit y of Richard B. Russell Reservoir , which crosse, most

fau l ts , may be approximated by one-half tne change at tb -- diu cna ree

boundary. A 21-0 ft lake would increase pore- Pressure in a deep

fault region about 43 psi., though clearly the changes range from C

to 8b pSI.

Struss changes from hydraulic events , past and future .
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are important aspects of the effective—stress circumstances a tt — ~n-ainq

a reservoir. Another aspect is t he  tectonic setting.

,\pp,-ri d r
17 Of ‘

s e t  ion I

~~~~~~~~~~~~~
•. 

~~~~~~~~~~
-
~~~~~~~~~~~~~

‘: ‘
~~~-- :~~~~- - ::-~J~~ 

‘.u~~-~~~:~~ ~~~~i~:
l~



- - - -~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~ --~~~~ 
-
~ . - . . 

~~~-t~-~~~~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

_ _ _  - -

TECT ONIC EVOL u TION

The Appalachian Mountains are believ~~ to hav e f o rmed d uri ng

late Paleozoic time by the subductive suturing of a North American

plate to a proto—At lantic plate (Hatcher , 1972). In tne compressive

orogen y, great shortening and thickening of the crust was accomplished

by foldi ng and imbricate overthrust faulting . The roots of the nappe s

are now exposed , beca use ther e has  sinc e been a gr eat  oeal  of erosion

of the mountain—mass. The rocks are late Pre—Cambrian to mia-Paleozoic

in age , composed of regionally-metamorp hosed volca n ics , graywack es,

shales and p lu tonics , with quite different grades of metamorphism from

one SE—dipping thrust sheet to another. Numerous cataclastic zones

form lithologic bou ndaries.

During the Triassic , the Atlantic Ocean opened . Near the

conti nen ta l  marg i n , there developed ex tens ional  fa ults bo uncing grabe n

and half—grabe n troughs in which were deposited coarse arkosic sedi-

ments and volcanics of the Newark Series. The trough system extends

from tne Maritime Provinces southward intermittently to Georgia. The

Dunbarton Trough underlies coastal plain sediments at the Savannah

River Plant in South Carolina and across the River in Georgia (Siple ,

1967). The NE—trending norma l faults indicate that while the contin—

enta l edge was in a zone of divergent mantle flow , the least compres-

sive stress , 4~ , was NW—SE and the major stress , 
~~~~~

, was vertical.

Ver tical diabase dikes with consistenl NW strike cross—cut

the Triassic fa ults. They are Jurassic jr age. They indicate fluid

injection into rock whose stress field was 
~ l horizontal , parallel
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to their NW strike , and ~~ hor izontal , nortneast -r ly.  1-~a ; (l 7i) st.owCc

that upon reconstruction of the early Mesozoic geography, the Jurassic

dikes in the circuin—Atlantic continental margins of North ann South

America , Europe and North Africa had a radial pattern suggestive of

expansion from a centra l area now occupied by the Blake Plateau.

Change of position of the margins rela tive to such a zone of mantle

divergence in the Atlantic could reasonabl y acco un t f or a ri a ssic to

Jurassic increase of northwesterly compression , wnile c-tne r stresses

remained relatively unchanged .

At many Piedmont and Blue Rid ge localities )FirKnead , 1973 )

there are found silicious breccia—f illed fractures , ot he rw iSe calloc

f l inty—crushed rock zones (Conley and Drumrnond , 1965 ). These cut tr.e

Jurass ic dikes a t  small angles , s ince they are :~ nera l ly  orien ted west

or nortnwesterly and have steep di ps. As healed fractures , tney may

record a different tectonic stress system , either extensional frac-

turing or faulting. Hatcher says tha t careful geologic niapping snows

no d i sp lacement s  a long  those hea led  f ea t ures , but D. T. Secor has

mapped a flinty crusn—rock zone tha t truncates rock units (Talwani ,

1976). Open joints , then , record a time when 0j, a nd were more

n e a r l y  E-W and N—S , respectively, than during Jurassic dike formation.

It is not know-i exactly when compressive tectonic mobilit y

returned to southeastern North America , for the evidence of C:eta-

ceous fa ulting would be buried under the coastal plain , wnere there

may be Early Cre ta c e ou s , cossibly even Jurassic sedinents. The-

assic f-c ilts bounding the Durbarton Basin and buried by 1-ite Crc-

A~ it~-nd Ix I
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taceous sediments have not been displaced (Marine , 1976). Reverse

faults of NE str ike cutting late Cretaceou s through Quaternary—age

beds do not record the inception of NW compression , but  do record a

long period of act iv i ty that could extend to the present (Prowell , 1975 ,

1976). Zupa n and Abbott (1975) give evidence  of post-Eocene thrust-

ing. In the Charleston area , a sync linal flexure of late Cretaceous

basalt and overlying San tee Limestone strikes northward (Ackermann ,

1976). The Beaufort high (Higgins , et. al., 1976) parallels the South

Carol ina  coast.  It is probably faulted on i ts  NW flank , and involv es

Oligocene and older stra ta . Siple (1967) describes oriented cla s tic

dikes on the Savannah River Plant cutting the Hawthorne Formation of

a l leged  Miocene age. It is not certain at this time tha t those dikes

are of seismo-tectonic origin , and the Hawthorne is conceivably a

sapro litization product of the underlying late-Eoce ne Barnwel l forma-

t ion (Marine , personal commu n ica tion , 1976). Evidentl y the d ikes

described by Zupan and Abbot impl y post—Eocene earthquakes. Much work

remains to be done to define Tertiary and Quaternary tectonics of the

eastern seaboard .

Movement of the continental plate awa y from the mid-Atlantic

spreading rift may have placed the continental margin over a region of

horizontal mantle flow . Thus the plate would transmit high hori-

zontal stresses imparted by base shear. The mirimum stress , 
~ 3, became

vertical and thrust faults developed when the deviator stress became

critical. Furthermore , a decrease of vertical stress in excess of de-

creases of horiz ontal stresses is a likely consequence of Appa lachian

-\ rpvn d lx  I
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e r o si on , coolin -’ and i s o s t a t i c  u~~1i ft .  Sucn a h i s to ry  is rE- c -ordec

by stronu tilt inr~ of t i e  Cre ta c -eo - - s  e rcs ion s i i r f u c -e  beneath the

coasta l plain sed imentary wed ge . Piedmont upl ift is implied by s - ~b-

s idence recorded -e ast of the Fall Line ; decreasing dips of succeeding

younger horizons indicate tiltinn. Loading , subsidence and beat ing may

have  i nh ib i t ed  f a u l t i n g  b e n e a t h  the  wed c~~, whi le  fa-a l t inu  could nave

been act ivated in the Piedmon t , where tne ev l-d ---nce i-as be-e n stripped

o r f .  Only at the w e dge -ed ee , near the F a l l  L~n , is fau lt - - -.‘icence

preserved .

Da ta indicating the sta te of stress and tectonic style of

s o u t h e a s t e r n  United S t a t e s  is inco ns is ten t  ic many i ns t once s , b u t

the preponderance of eviu~ nce points to cont inue- n hor izontal  c om-

pression as the mechanism of earth qucr keo , c c c— u pc . quarry movements

and possible faulting in eastern ~Jo rth - \oer ica (Sbar an d  S y K e s , 1g73).

The direction of maximum horizonta l compression is uncertain for SE

United S ta tes .  If the N E - g w major compression demonstrated as the

modern stress model for most of eastern Nortn A m er ica nertai ns a lso

to s-outheast ~ rn United States , it would indicate t h st  there has been

a local reversal of the directio ns of ~~~1, and ~ o since toe early

Tert iary thrusting. The southeastern data Jo not support the hypo—

thes is  that  s t r e s s  ma ral leis the Appalachian trend. The directions

of ~~ ax es box the compass at  A t i u n t a , eorg ia Sbar and 3y kes ,

1973 ) , but in ~iortn Carolina ( Hoo Ker  arH Johnson , lOrl 9~ and at  Ratc idan .

‘Ji:~~inia , d~ has  b e - n  f o uno to  be no r thcast c - r i  
~~
. i--a inso r (1  ~~

‘i )

rnea s u r- - u  i n-s itu  s t r e s s e s  by hy c r a f rac inu at  toe Uad CreeK pumped—

i:. I
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storage si te near Lake Jocass ee , S.C., determining that is north-

easter ly,  and is vertical. The November 22, 1974, quake near the

Charleston , S.C., site is interpreted as a thrust-fault event with

c ompression in the NE quadrant (Tarr , 1976). However , focal-plane

mechanisms reported from af tershocks of the Aug ust 2, 1974 , shoc k

near Clark Hill Reservoir at  McCor m ick , S.C. (Taiwani , 1976) were of

both norma l and wrench-fault configuration , w ith~~3 WNW and~~~ ~-~~2

equa l to the overburden , the only model consistent with the data .

Jocassee quakes support the thrust model near the surface , but deeper

shocks suggest a normal—fault model (laiwani , personal communication ,

1976). Reported shocks on major faults such as the Brevard , Goa t Rock

and Towaliga zones are more consistent with a NW-SE compression than

with a NE-SW direction; no prevalent system of NW striking thrusts has

been reported .

In consideration of conflicting stress da ta , it is premature

to rule out the possibility of various stress models , and it is c lear

that further data will be needed to determine adequately the regional

stresses even in qualitative form. The preponderance of information

does favor the hypothesis that high horizontal stresses exist gener-

ally (not exclusively) in the southern Piedmont region . For interpre-

tation of geomorphic and reservoir-induced stress changes , a thrust

pattern is most likely, but the normal—fault alternative will be

analyzed also.

\ l l 5  ~nd ix I
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GEc~ OFPHIC VGLJTIb~

Because the re are subt le  d i t : u r e nc es , mrm a k in3 one rese rvo i r

site seismic and anot her non—seismic , the small s t r ess  changes supe r-

imposed on regional tectonic stresses by surfisial events need to be

enumerated . The his tory of changes can be deduced from the geomorphic

record , upon w icich the proposed r- :-serv -oir e f f e c t s  wi l l  b-~ super imposed.

Though much has been wr i t ten abou t Toutnurn Appalachian geo-

morphology, it remains imD- r fec t ly  una-~rs tood . For ins ta nce , wh y doe s

the drainage divide now lie east  of tne Blue Ridne , much closer to

the At lant ic than to the Gulf of Mexico ? The divide is on an old

l500—25C0 ft-high erosion surface dissect .~d by S i- c l Jwirc: streams.

Th is is the Dahionega P lateau  of La Fo r- n (1925 ) or tne

Asheville sur face of Haselton (1~ 74 ). Tb-c e a s t — f l o w i n g  st rear .s rise

on a steep, dissected scarp, over 111gb f t  hieci , called the blue Rid ge

Front , and because their gradients are great , t hese st reams are crc-

gressively capturing the headwaters of the sluggish, SW-f low ing

streams on toe Plateau (Acker and Hatcher , 19711). Because the Front

sinuously cro ss—c uts N E - t r e n u i n e  formations contrasting in lithologv

and erodability, the Front is believed by the wri ter to he larcely

an erosional feature , though it is not ful ly understood how it

evolved.

The faul t—or igin hypothes is of Ahite (19511) is supported

by such evi’Jenne as (1) l inearity, (2) a c r u p t :e s s  of the cec l iv i ty ,

(3)  steep s t r eam g rad ients , fa l l s  and naneinu va l l eys , u) t r unca ted

ridges and (5) t runca ted  spurs , (6 )  fau l t  breccia , (7)  s l i ckens ices ,

.-\ pp &-nd ix I
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(8) alignment of streams parallel to the scarp ,  and o f f s e t  of faul t

breccia across the scarp (Hase lton , 1974). They would interpret tne

Dahionega as an upthrown , more dissected part of the Fieamsnt peni-

plain. If it is a fault , it seems likely to be an ancient one , though

the deep stresses deduced from f irst mot ions of Jocasse e quakes at  the

Blue Ridge Front (Taiwani , personal communication , 1976 ) are consis-

tent with a modern normal-fault mechanism . The principle objection

to the fault hypothesis is tha t parallelinity to structure is res-

tricted to the reentrant in South Carolina ; elsewhere the Blue Ridge

Front cross—cuts the metamorphic units and particularly the Brevard

cataclastic zone , of t—suspec t ed of being a major recurrent fault.

East of the Blue Ridge Front is a subdued , mildly dissected

terrain known as the Piedmont , a plain into which streams have eroded

to develop relief wh ich varies from 500—odd f t  near the Fron t , to

about 250 ft near the Fall Line . The latter is the SE boundary of

the Piedmont , so-called because it is the limit of navication , where

the master streams leave the metamorohics to flow on sof t  seuimen-

tary and alluvial materials of the Coastal Plains. Whereas riany m o r e

streams of the Piedmont flow nearly on strike with the steeply-

foliated , NE-trending metamorphics , they are parts of a dendritic

pattern developed upon a homogeneous alluvial cover , now rem oved .

The trunk streams are SE—flowi ng,  consequent to a tilting Appa lacnia .

In the headward extreme s of the Piedmont , as on the Dahloneqa Plat-

eau , more perfect adap tation to foliation and jointing is snown by

subsequent drainage patterns.

A p p e n d i x  I
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In one important aspect , the Appa lach ia n to nog raphy re-

sembles Afr ica , with which it has a common continental ances t ry:

two or more ma j or ancient erosion sur faces are evident. Mhere re-

lationships are more clear in Africa , the oldest surface is evi-

dently Jurassic in age , dating from the breakup of Gondwana land , and

the most extensive , the African surface , is CretaceoLo . Erosiona l

development has been faster in the southern Appalach ians because of

hign~ r gradients , and greater run-off ra tes.  S ~fo re late r°taceous

and Tertiary recutting, the Piedmont was nearly planar , as indi ..ated

by soundings through the Coastal Plain sediments. Thus the Sanlrneca

Plateau could be a much older sur face and the Blue Rid ge sum mit s e v en

more so. The few monadnocks (like Graves Hill , Figure 5) protruding

above the well—bevelled Piedmont sur face support the view tha t the

Dahlonega Platea u once extended eastward .

As indicated in the stress histor y to fo l lsw , erosion and

upl ift have dominated the Appalachian chronicle , wnile burial and

subs idence have characterized the coasta l  plain. Both regions have

moved to mainta in pseudo—isostat ic  balance , tilting progressively

eastward , apparently as a unit. If there ha ve been major fault dis-

locations of once—continuous erosional surfaces , they are either

hidden beneath the coastal  deposits or obscured by saprol ite deve locea

on Piedmont rocks lack ing marker  horizons. Slickens id-o d seams of

clay or manganese and iron oxides and Hydroxides found in the  Pied-

mont are be lieved (Deininger , 1-976 ) to be of pedogen ic oriain , n o t

faulting. Only at the Fall Line , w ne re stra t igraphic cover is thin ,

-\ pend ix I
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are unquest ionable faul ts  likely to be found.

A marked d i f fe rence  of magnetic cha rac ter  and grain noted by

Zeitz , et. al., (1976 ) suggests a dif ferent origin of the basement

beneath the Coastal Pla in from tha t of the Piedmont. Phillip (1976 )

interprets the gravity anomalies near Charleston to indicate E-trend-

ing faults having displacements up to 1000 f t .  Higgins et .  al. (1976 )

feel tha t the Orangeburg scarp lying about 25 miles SE of the Fall

Line is a f a u l t  scarp,  separating regions of different sedim entary

facies. Thus the Fall Line could be within a zone of regional fault-

ing, making tilt projections (Figure 5) onto the Piedmont quite que s-

tionable measures of uplift.

During the last 150 million years , the rate of landform

development has been controlled by saprol it ization rates , fostered by

high temperatures and rainfall. Deep saprolite ex is ted before the

la te Cretaceous Tuscaloosa Formation buried and reworked it. Intact

fol iation in kaolin residuum is found under the unconformity. The

coarse sandy to pebbly Tuscaloosa beds record a long per iod of high-

energy stream erosion , cutt ing through an old saprolite cover in t o

unweathered crystal line bedrock , much of wh ich is granitic. Drilling

has shown (Siple , )967 ) tha t there was as much as 150 f t  of relief

at the position of the Savannah River Plant , and presumably there was

more relief inland. Subsequent c o a s t a l  formations are all f ine—

arained , more calcareous , shallow marine deposits of saprolit e--cerived

detritus generally lack ing coarse c las t ics  (Siple , 1 6 7 , arid Owens ,

197C- ) . Even the Pleistocene beds are f ine—erainod sand and muds ,
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while the Savannah system has inc ised val leys i r t o  bedrocj  on the

Piedmont. Climatic control of tectonism , or v i ce -ve rsa , is evident

from the change to fine—grained c las t ic  and carbonate sedimentation

after late Eocene time .

Douglas (1974) has summarized research on Piedmont sapro-

lite age , concluding that it is pre—P leistocene , a mill ion years old

at a minimum. In the case of the faul ts  cutting reactor  containment-

vessel excavations at North Anna , Vircinia , or the fault c u t t i n g the

diversion channel at Richard B. Russel l  Dam , undist urbed norizontal

red-yellow podsol marker beds i r- iicate no fault displacement bu rm a

the last million years. A similar conclusion of saprolite age can be

drawn from the writer ’s observations of soi l formation in coa sta l

terrace depos its. The lowest ter races (the present t idal f l a ts , the

Pamlico at 25 ft and the Talbot at 42 ft elevation ) are unwea t ne rea ,

but the higher ones are sa prolit ized. Just south of Spr ingfield ,

Ga., the Penholowa y surface (70 ft) is characterized by a 2-ft leached

yel low horizon underlain by about 10 ft of mottled , crenula ted soil

enriched with red iron oxides. Though interglacial correlations are

uncertain at this time , the norma l sequence would sucaest  an aae of

about 600 ,000 years for the Perholowa y soils , thus rapid sapro l i t i za—

tion is evident , a process that has gone on at least since Cretaceous

time .

While climate controls weathering, it also controls ero-

sional removal , in conjunction with relief. But relief is controlled

a l so b y iso~~ ’1- uplift , which in turn respords to erosion . A mounta in
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- C

chain of low—dens i ty crustal rock buoyed up by h ign-dens ity ma n tle rock

nas a l t itude control led by the thic kness of the crust an-c the density

contra st. Like an iceberg whose tip is melting , it continues to rise

abov e sea level. The al titude diminishes much more slowly tha n tne

ground is eroded. It will be shown below tha t since the mid-Cretaceous ,

there has been abou t  2 ,2711 ft of uplift of the Piedmo nt in the pre—

sent vicinity of the R. B. Russell Reservoir , but  topogra phy s tands

only about 425 ft lower now than formerly. The evidence of uplif t is

plotted on Figure 5, revealing the pre-late-Cretaceous unconformity

beneath the Savannah River Plant , di pping 36-40 ft/mile southeasterl y .

Near Charleston , S.C., it is 4 ,000 ft deep and d ips abc~ t 42 ft/cUe

( Step henson , 1914 and Ackerma r n , l97t ) . Succeeding unconformit ies

dip at f lat ter angles , recording the tilt s ince each unconformit y was

preserved. On Figure 5, these have been projected back over the Pied-

mont along profiles appropriately bent as in a continuous beam.

The relat ionships be tween erosion and uplift , al luviat ior

and subsidence were computed using s imple models and Arc h imed es

Princ iple. Its derivat ion is included here because the concent has

not previously been applied to  induced seismici ty.

I l lustrat ions A & B fo l low :
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(A)

- T — - -

P= 2.65 _ _ _ _ _ _

— 
~~ ~z ‘~ ___

~~~~~~ _~~~~~~~~~ V _____ -~ Lev 1

I I ~0 3.4 P r  2.8 D-E 3 4
34 ~ 2.8

1~

When D crusta l depth

E erosion

U = uplift

h altitude ,

then E - U = (h , - h~

2.65 h~ = (D-h~)(3.4 - 2.8) and 2.65 h~ (D E h 1)(3.4 - 2.8)

(2.65 + 0.6) h1 0.6 0 (2.65 + 0.6) hL 4 0.6 E = 0.6 D

3.25 (h1 -h~) 0.6 E

(h -h1) .185 E

U = .815 E

V Thus erosion , E 1.23 U

I f  U~0 is a known uplift in ft ,

- - __
~~
_. JL. ~~

‘ - .34 U psi, since
- I-y a

a , the earth’s radius , is 2.09 x ~~ ft.
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(B)

Similarl y, when aggradation of a terrain occurs , subsidence may

be computed by;

e~~~.5 ~ Vojds ‘I’
e H,~0 

eXw ~
Gs = 2.6

= ~ (Gs 
~ ~~~~~ 

1 Solids G~~
’w ~

3.l~
’w

1.5

= 2.07gw

Pm~~ 2.1

-
~~~~

- -  -.~~~—- h~ P~~2.l A

- —  _ _ _ _ _ _  _______ T~~J:~~~~~~~~~~~ LeveL

~ 

0 2.8 
3.4 ~~~. 2.8 

D + Aggrad.

---V

S h,- ha4 A = A - (h~~h 1)

2.8 h1 = (D -h~)(3.4 - 2.8) 2.1 A $ 2.8 (h 2-A) (D-h~+A)(3.4 - 2.8)

3.4 h1 0.6 D 3.4 h~ + 2.1 A - 2.8 A - 0.6 A = 0.6 D

3.4 h~ 
- 1.3 A ~ .6 D

3.4 h1 3.4 h~- 1.3 A

1.3 A 3.4 (h2—h 1)

(hi —h ,) !.2 A s .38 A
3.4

S A - (h~—h 1 ) .62 A
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It is believed tha t the Piedmont attained a very nearly plane

aspect during Pliocene time except for a new monadnocks. Plane hori-

zons are currently visible in excavation s through the saprolite.

The stream—cut valley slopes truncate the saprolite horizons. Dur-

ing some interva l of changed clima te, tha t surface was covered with

sediment derived from the Blue Ridge , possibly attaining as much as

200 ft of thickness and extending almost to the Blue Ridge Front.

The contin uous cover probably did not extend into an area of strike

ridges and subsequent and trellised stream patterns having angular

junctions and evidence of piracy in the Salem , S.C. Piedmont re-entrant.

Elsewhere on the Piedmont , st rea ms consequent to the fill developed

a dendritic pattern which t~~s persisted after superposition onto the

foliated rocks. Superior adjustment of drainage to lithology and

fracturing in the re-entrant suggest more prolonged exposure com-

pared t3 the rest of the Piedmont , which is exhumed .

The present hilly topography of the Piedmont is the product

of intermittent incision into the resurrected Pliocene peneplain ,

with channel sedimentation at times refilling parts of the valleys.

Master streams like the Savannah and many tributaries now flow on

fresh bedrock without alluvial fills , reflecting steeper than natura l

gradients , probably resulting from continued southeastward tilting.

Whereas the gradient of the Savannah River is about 1 ft per mile in

the alluvial reach below the Fall Line , its gradien t above is about

~~ ft per mile. It is very rare to find a river of such size tha t

lacks all uvial bed material.
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Coasta l Plain sediments of late Cretaceous to Miocene age

record a history of epeirogenesis that is the key to understanding

the late Tertiary and Quaternary events less well recorded in the

stratigraphy. For full descriptions of these units, the reader is

referred to Siple (1967). As seen in Figure 5, each unit is a wedge

thickening southeasterly, separated from succeeding units by an

erosional unconformity tha t bevel ed the top of the next older landwa rd

wedge-edge so that young units lie on successively older, even Paleo—

zoic rocks towards the west. The dip of the unconformities decreases

upwards, consistent with their ages. The existence of erosional un-

conformities indicates that uplift was spasmodic. Interruptions of

sedimentation show that the Fall Line has not been a hinge line , for

coastal—plain regions were also uplifted , stripped , and subsequently

reburied. After the coarse Tuscaloosa clastic sequence was deposited ,

late Cretaceous to Miocene sediments were dominantly fine-grained and

of shallow marine , littoral, lagoonal , and tidal origin. The isosta-

tic balance between sedimentary loading and basin subsidence has been

very sensitive throughout the Tertiary and Quaternary, du ring which

as much as 4,000 ft of deposition and subsidence has taken place at

about sea level. Because flat slopes make large changes of the

shore-line position when uplift takes place , it is apparent from the

extent of unconformities that individua l uplift events were on the

order of 50 ft. These could conceivably have been accompanied by

one or more earthquakes , like the Prince William Sound quake ar,d

regional tilt of March , 1964. The events could also have been dis—
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continuous but quiet epeiroyenesis of the sort currently proceeding

in northeastern Georgia . Uplift is occuring there at a rate of 7 mm .

per year , and tilting , 3.5 mm./year/l0O km. (Meade, 1971).

The modern Piedmont erosion surface, mostly carved ~n

steeply—foliated metamorphics , continues essentially uninterrupted

eastward of the Fall Line onto soft Cretaceous and Eocene sediments.

Locally, the downcutting of subsequent Piedmont stream tribu taries

has exhumed the basement unconformity and formed west-facing sedimen-

tary cuestas. The dissected surface underlain by sof t sediments near

the Savannah River is called the Aiken Plateau in South Carolina and

the Louisville Plateau in Georgia (Cooke, 1936). It slope s about 8 ft

per mile from elevation about 600 ft at the Fall Line (Siple , 1967).

Its age is presumably Mio—Pliocene.

Southeast of the plateaux is a sequence of seven Pleistocene

marine terraces covering a strip 80—90 miles wide to the Atlantic

shore. Each is apparently the result of a still—stand of sea level

and a beveling of older deposits to form a SE-facing scarp, often sur-

mounted by sand deposits that are remnants of a barrier island system.

General ly  f l a t , swampy ground lies shoreward of each bar , but succeed-

ing higher terraces are better and better drained , possibly because

their low initial slopes have been tectonically steepened .

The highest terrace , bounded by an ir regular  shoreline of

submergence to the northwest , is the Brand ywine or Hazleh urst Terrace ,

at elevation about 220 ft. Below it is the Coharie Terrace at 215 ft.

The scarp below the Coharie Is steep and nearly linear across South
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Carolina. Called the Citronelle or Orangeburg Scarp, i t  bends west-

wa rd to lie tangent to the Savannah River.  There the Coharie and

Hazlehurst Terraces pinch out , so the scarp bounds the Aiken Plateau.

Thus , i t  is erosiona l , not a f a u l t  line scarp, for i ts  conformat ion

to the river indicates tha t an es tuary  formed , t1-a~~escarp formed by

la tera l river migrat ion upon the es tuary f i l l .  Below the Coharie is

the Sunderland Terrace, elevation 170 f t , bounded below by the sinuous

Surry Scarp, which also bends tangent to the Savannah River. From

the evidence of river drowning between sea-level withdrawals , it is

presumed that alluvial conditions changed far upstream , resul ting

each time in gravel alluviation and a wa ler table rise , al terna t ing

with times of gravel erosion and river fall.

Below the Surry Scarp is the Wi comico Terrace a t 100 f t , the

Penholowa y a t  70 f t , the Talbot at 42 ft , the P4mlico at 25 ft , and

the modern salt flats lying behind the barrier sand islands. The

present drowned mouth of the Savannah River , the Broad River . St.

Helena , Cha rleston Harbor , etc. are due to an eustatic rise of sea

level during glacial retreat elsewhere. The correlation of the seven

terraces with glacial interstages has not been made because cniy

five interstages are known. Yet , tiers of seven terraces or pedi—

ments have been noted e1sewh~ re , such as a l ong  the Rocky  Moun tai n

Front (Marke tte , et. al., 1976), which suaqests cor.tjne~ tal-scale

climatic variations. Flint (1940, quoted by Siple , 1967) considered

the Surry Scarp the highesc Pleistocene feature. It is only specu-

lation then to assume the seven terraces to have formed durin~ the
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1.5 million years or so ascribed to the Pleistocene.

Cooke (1936) envisioned each marine terrace to have formed

during a high sea—level interglacial still-stand. Continuous uplift

resulted in a succession of terraces because of the uplift occurring

during low—level glacial stages. This interpretation implies tectonic

quiescence rather than cataclysmic seismic events attending uplift.

There is evidence of former Savannah River alluviation on

the Piedmont. Siple (1967) notes Pliocene alluvial gravel up to 20

ft thick on interstream divides near the Fall Line. Topographic

benches along the shores of Clark Hill Reservoir and the future Richard

B. Russell Reservoir have been detected on topographic ma ps (See Fi-

gure 5), some of which preserve thin gravel deposits. On the South

Saluda River are bouldery gravels at 50 ft and 100 ft above the pre-

sent river (Haselton , 1974) which flows on rock. The modern Savannah

River Channel near Sava nnah River Plant flows on 5 to 30 ft of allu-

vium , possibly the result  of coastal  drowning.  Whereas the a l l u v i a l

terraces on the Piedmont are genetically related to the marine ter-

races on the Coasta l Plain , the work of correlating these sets of

surfaces has not been done .
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LOADING HISTQ~Y

AT

RICHAR D B. RI~ SELL RESERVOIR

It is ins t ruc t ive  to evalua te  the changes of stress up

to the time of latest  certain f a u l t i n g  (post-Eocene) ,  then to see

if a consistent  trend towards i n s t ab i l i t y  has persisted between

latest faulting and the present time of modest seismicity, and

finally, to superimpose on the prior events the stress changes at-

tributable to filling of the future reservoir.

A summary of stress e f fec t s  due to the following eve nt~,

are to be found in Table I and Figure 3:

1. The late Cretaceous Tuscaloosa and Ellenton Formations were laid

down on a subsi d ing basement as the Bl ue Ridge and Piedmo nt were

eroded. Saprolitization continued , as sugges ted by detr i ta l kaol i n

in the Tuscaloosa . Since Tuscaloosa deposits are coarse continental

clastics, even to the coast (Gohn , et. al., 1976) there were no in-

undations nor alluvia tions on the Piedmont as must have occured at

later times. The Ellenton Formation records a time of decreased

relief inland and 3 transgressive sea , since its predominantly fine—

grained sediments are tidal and estuarine. Thus , it is l i k e l y  that

• the rugged mid-Cretaceous erosion surface was reduced to a peni-

plain with less wa ter-table decline than would have occured had the

terrain remained rugged .

2. As scaled on F igure  5 , the la te  Cretaceous u p l i f t  to ta l led

1,000 f t , producing an e f f ec t ive  stress change:  i~6ex = -344 psi.
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During t his time , erosion was 1230 ft , producing effective stress

changes : A (ez -1422 psi and ~6ex = -609 psi. Cooling during 1230

ft of erosion , slow enough (75 x 10’ years) to maintain an equilib-

rium geotherma l gradient of 1°C/40 m , produced an effective stress

change: t~~ ex —160 psi. The water table would have declined 1230

ft , the same as the erosion but for the loss of at least 100 ft of

relief. It declined about 1230 ft at divides and 1130 ft at streams ,

for an average of 1180 ft at the bottom of circulation paths. Tha t

changed both effective stresses by A6ez ~~~ x $ 511 psi (See

Figure 2) .

3. Eocene deposits on the Coasta l Plain were voluminous  but  finer-

grained than the Tuscaloosa , because of diminished re l ief  on A ppa-

lachia . Glauconi t ic  sands and mar ls  of the Congaree Formation record

neri t ic  marine deposition , as do the sands , clays  and limes of the

McBean Formation. The red sandy clays overlying limestones of the

Barnwell Formation also record shallow marine deposition. The shore

remained near the Fall Line. Oligocene cher ty  fo s s i l i f e rous  ner i t ic

beds of the Flint River Formation are found seaward of the Savannah

River Plant , but the attitudes of contacts are ill—defined , so it is

included here with the Eocene events for computation of uplift.

Eocene—Oligocene uplift totaled 950 ft, prod ucing effective

stress changes: AO ex = -327 psi. During this same time , erosion was

1170 ft, producing effective stress changes: t~~ ez -1346 psi a nd

-578 psi. Cooling corresponding to 1170 ft of erosion pro-

duced a fur ther effective s tress change: ~4ex -152 psi. A water
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table decline of the full amount of erosion , ll7~
) ft , with plane terrain

maintained produced effective stress increases: f’ffez ~~ 6ex 4 ~C4 psi.

4. Miocene deposition is recorded in the very extensive Hawthorn

Formation , generally sandy, phosphatic sandstones of shallow marine

origin. Plioce-~e inundation of the Coastal Plain is indicated by marine

shell beds of the Waccarnaw Forr~ation . The angular relationship betweer~

the base of the Miocene Hawthorn and the supposed Pliocene erosion

surface on the Piedmont at the vic in it -i of R. B. Russell Dam succests

uplift of 175 ft in the MiD—Pliocere interval. The resulting effec-

t ive stress cha nge was : ~~~ex -th psi. Erosion during this tine

was abo ut 215 f t , produci-~g effective stress changes: ~4ez -247

psi a nd ~~ex = -lCd psi. Cooling to correspond with the erosion pro-

duced a horizontal effective stress chance : A~~ex = —28 psi. The

water table decline , of amount equa l to the 215 ft erosion , produced

equal effective stre ss cha nges : ~ñez t~6ex = 493 psi.

5. Oriented clastic dikes (Sipl e, 1967, p. 59) cu tting the Hawthorn

Formation are probably the result of one or more major earthquakes
la te

which may have recurred any time during the/Tertiary un loading se-

quence , excepting periods of alluviation. Since sedimentary dike

formation is fostered by uncemented fine granular materials tha t

readily liquify, it is suggested tha t the dikes are penecontempsran-

eous wi th the overlying injec ted sequenc e of Hawt hor n rocks , th us

quakes may have preceded Pliocene alluviation on the Piedmont.

6a. It may be supposed that the fine—grained clastic landward equl-

valents of the Pliocene limestones (Waccamaw) covered a large part
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of the Piedmont , and tha t it was upon this vanished formation tha t a

consequent dendritic river drainage pattern developed befor •~ Pleisto-

cene time. The extent of cover is estimated by the change from den—

dritic to subsequent pattern in the Walhalla-Saiem , South Carolina ,

reentrant , at elevation about 1200 ft. Over a drainage distance of

about 60 miles , a river flowing on all “h um would have fallen not

more than 200 ft. The depth of cover in the R. B. Russell area could

have been on the order of 200 ft , if much of the present 760 ft of fall

from the Saluda River capture points (Haselton , l~ 74) to the region of

the damsite  has been deve loped by Pleistocene ttlting . An aggr~dation

of 200 f t  of a l l u v i u m  wo uld hav e pr oduc ed tra n~.ieri t stress change of:

t~ ez +153 psi and ~~ex = +66 psi. Heating oue to 200 ft of burial

wou ld hav e ~hanged effective stress by: i~6ex 426 psi. The ground

accordingly may have subsided 124 ft to change effective stress by:

~i6ex = +43 psi.

The increase of eleva tion was 76 f t, 38% of the aggradation ,

but the water table rose 200 ft relative to the rocks , decreasi ng effec-

tive stress: A6ez = ~~~~ —87 psi. Evidence of Pliocene aggradation

is the presence of alluvial gravel deposits up to 20 ft thick (Siple ,

1967, p. 62) on interfluves on the Aiken Plateau.

• 6b. These loading effects of a temporary Pliocene fill were removed

by subsequent stripping of the Piedmont veneer.

7. Pleistocene events are best recorded in the Coastal Plains.

Fluct ua t ions of sea level , progressively retreating as the continent

rose , producing seven terraces of descending altitude. At the F. B.
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Russel l  Damsite , as elsewhere in the Piedmont , the incision of the

Savannah River and its t r ibu ta r i e s  was in te rrup ted  dur ing  times of

high sea level , when terraces were eroded and alluviated . Some of

these are evidently gravel-veneered , b ut on ly  two terraces co uld be

loca ted at any cross—section using existing topogra phic maps , an d th ey

could not readily be tied to any of the recognized marine terraces.

A complex stress history could be unravelled by field study

of the morphology of the Savannah River Valley. Because the most re-

cent events have the strongest bearing on the matter of reservoir-

induced seismicity, the present stat e of understanding of t~-ie P1ei~ -

tocene is outlined here: When P lioce ne time ende d , sea level appar-

ently stood at about the level of the modern 100 ft contour and about

40 miles f rom today ’s coast line. The Aiken-Louisville Platea u , the

highest and most dissected coastal plain surface , was probably  pla ned

to that base—level , coincident with the Piedmont Pliocene perieplain.

Its gradient of 8 ft/mile suggests antiquity , u pl i f t  an d t i l ting

since the modern Savannah River slopes I ft/mile at the same distance

from the coast. The pla teau may have been eroded considerably before

the firs t in terglacial submergenc e beca use the highes t terrace , at

elevat ion 270, has a very irregular shoreward outline.

Each glacial advance was accompanied by a fall of sea-

level , a nd each in terglac ial , by a rise . But beca~~ of progressive

epeiroge nesis , each succe eding hig h sta ge cu t a t er race  lowe r t ha n

its predec essor .
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These are : Name E leva t ion

Haze lhurs t  270

Coharie 215

Sunderla nd 170

Wicomico 100

Penholowa y 70

Talbot 42

Pamlico 25

In places prominent scarps separate these surfaces , such

as the Surry Scarp shown in Figure 5. Above it is the Sunderlar.d

Terrace, and above th e next  hi gher , the Citronelle Scarp, lies the

Coharie Terrace. These latter two (at least) swing parallel to the

north bank of the Savannah River ar~ extend to the Fall Line , suggest-

ing that interglacia l stages produced estuaririe drowning of all river—

mouths , as is the case today, the latest interglacial.

The sedimenta ry effects of a rising base level usually

reaches far upstream. Channel aggradation and water-table rise took

place in some cases , as indicate d by terra ce grav els adjacent to Clar k

Hill Reservoir. On the south Saluda River are gravels as much as

100 ft above modern river grade (Haselton , 1974), and sim .iar tempor-

• ary fills must have occured in the area of Richard B. Russell Dam.

They are more likely to have occured during the early interglacials

tha n later , when the sea had retreated because of uplift. The oldest

gravel (100 ft) on the South Saluda is in an advanced state of weather-

ing, and rewor ked gravel seen on th e shor e of Cla rk Hi l l  Reservo i r  is
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a residual of only the quartz gravels , a l l  othe r rock types havi ng

disin tegrated . The implied antiquity associates such river terraces

with the earliest coastal terraces. In the vicinity of Richard B.

Russell Reservoir , inspection of topographic maps provided sugges-

tion s of two terraces , one of which is continuous with two terraces

at the Clark Hill Reservoir. Their ages or correlations with coastal

features is unknown.

7a. At an arbitrary reference position about 10 miles upstream of

the Richard B. Russell damsite , the Piedmont surface stands at ele-

vation 575. The highest terrace is at about 505, the lowest at 395,

and the modern river bed, 325. Stress changes can be computed using

the stage-volume curve of Figure 1 and the assumption tha t the slopes

developed s imilar  to the present slopes so that  the eroded volu me is

proportiona l to the depth of cutting. When the valley was 70 ft deep

(575-505), its volume was 70/270 x 2~~ ~~ or 19 ft (average) eroded ,

red ucing e f f ective stresses by: ~~~ez = -22 psi and 4~~ex ~. -9 psi.

The corresponding cooling effect was , on the av erage : ~~~~ -2 psi.

The resulting uplift , 15.5 ft , reduced effective stress by: A~ ex

-5 psi. The falling water table , 70 f t  in the va l l eys  a nd abou t 20

ft on divides , provided an average fall of 45 ft for a change of

effective stresses: £~~ez ~Sex +19 psi.

Tb. The second incision~ to terrace level 395 ft , involv ed 180 f t of

total erosion below the Piedmont surface (575 — 395). The volume was

180/270 x 2~~ 18% or 49 ft average , fo r t o t a l  changes of e f f e c tive

stress: A6ez -56 psi and ~ 6ex = -24 psi , and n et cha nges : ~~ z -3d
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psi and Mex -15 psi. The cooling due to incision from the

575 to the 395 ft terrace level changed stress by: A~~ex -6 psi

and the net change* L~~ex a -4 psi. Uplift was 40 ft which altered

stress by: ~~ ‘ex a —14 psi for a net change of : A6ex -9 psi. The

falling wa ter table , 180 ft in the valleys and about 50 ft on the

divides averaged 115 ft for effective stress changes: t~6ez =

+50 psi which translate to net changes: j
~5ez = L~6~ex = +31 psi.

7c. The complete incision and valley-cutting to today’s configura-

tion produced a tota l stress change of 73 ft average , for  e f f ec t ive

stress changes: A6ez = -84 psi , 1S$ex -36 psi and net cha nges from

the 395 ft terrace to the 325 ft stream level: i~6ez -28 psi a nd

t~6ex —12 psi. The cooling due to 73 ft of erosion was: Mex

-9.5 psi producing a net e f f ec t  of t~6ex = —3.5 psi. The total uplift

of 60 ft would change stress by: A5ex = -21 psi with a net effect

of L~6ex = —7psi. Water table elevations have fallen from the Pied-

mont surface level by 250 ft at streams, and about 100 ft on divides ,

for an average potential change of 175 ft , changing stress by: ~ 6ez =

Mex +76 psi and a net change of: ~~ ez A~~x = +26 psi.

Ba. Stream alluviations indicated by gravel remnants were of uncer-

tain depths. Assuming a fill of 100 ft of gravel in a canyon to illus-

trate wha t may have happened between incisions , it can be shown tha t

its effec t on tota l stress is far less than are the changes brought

about by 100 f t  of incision , because a lluv ia t ion  is res t r ic ted to

the canyon bottom , like a dense reservoir.

If we assume the ancient topography to be similar to the
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modern topography, but more subdued , it can be estima ted tha t 100

ft of fill in the valley was like 8%, or 18 ft over the watershed .

Allowing for its density, such loadi ng cha nged e f f e c tive stresses by:

Ll6ez +16 psi and Mex +7 psi. The corresponding heating is dif-

ficult to estimate , but is believed very sma l l beca use the a l l uvia l

fill contains flowing groundwater at essentially the mean annual

temperature. The subsidence would be 6.5 ft , producing stress changes

of : t~6ex 42 psi. The grounawater discharge levels would rise 100

f t , producing 50 ft potentia l change at depth: ~6ez ~. A~ex -22 psi.

Bb. Subsequent remova l of the alluvium would remove those transient

loads.

An unusual feature of the Savannah River (Kilpatrick , 1964)

is the apparent absence of channel fills tha t record , on most rivers ,

st ructural or sedimentological in terruptions of bedroc k incision, or

steep tributaries. The present Savannah River gradient , about 2.7

ft/mile , is apparen t ly  steeper tha n req uired to t ranspor t  the sedime nt

carried. It is probably oversteepened by tectonic tilting.

The load tha t will be imposed by the full pool of Richard S.

Russell Reservoir , a t wate r surface elevation 474, is the sum of the

• deadweight a nd the pore pressure change , but no thermal e f f e c t  nor

isostatic subsidence is expected because the time span is too short.

The reservoir volume , 1.9 x l0’acre-ft spread over the ~.5 x lcPacre

watershed , is only a 4 ft load , changing effective stresses by:

A6ez +2 psi , £~i~x a 1 psi. The ground-water discharge potential

will be raised 125 ft (at the reference point), and the average po-
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Table I - Summary of Effective Stress Changes (psi)

~tep No. A6ez (Vertical) i~6ex (Horizontal) Age (Approximate)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  Y RP

1 Increments - Cumulative Increments Cumulative 85 x l0~pOst mid-
0 0 Cretaceous

2 -1422 -344
.511 -911 -609 65 x 10’

-160 -602 end Cretaceous
+511

—1346 -327
3 + 504 ; -1753 -578 26 x 10’

-152 end Oligocene
+504 -1155

-247 - 6 0  - I
4 i• 93 -1907 -106 I i x

- 28 , ( end Miocene
#93 ‘ -1256

~ 5 x l O ’
5 (Seismicity?) Pliocene

+153 443
6a - 87 -1841 466 3 x l0~

+26 - Pliocene
-87 I -1208

_______ — 
-153 -43

6b + 87 -1907 -66 1.5 x lC~
-26 end Pliocene
+87 -1256

-22 - 9
7a +19 1 -1910 - 2 1. x l0~

- — 5 Aftonian (?)

_______ _____________ _____________ 

+19 -1253
-34 -15

7b 431 -1913 - 4 500,CCO
— 9 Yarmouth (7)

_______ ____________ 1 _____________ 

431 -1250 I

+16 # 7
Ba —22 —1919 4 2 Illinoisan (2)

_____________ 

-22 -1263 
— ______________________

-16 - 7
8b #22 -1913 - 2 130,000

+22 -1250

-28 -12
7c ‘26 -1915 - 3 10,000

- 7
-1246 

_____________________

+ 2  + 1
9 -27 -1940 -27 -1272 Fill Reservoir , Future
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tent ial  chan ge at  depth wil l  be ra is ed about  62 f t , changing effec-

t ive str esses by: ~~ ez = j~~ x -27 psi.

Figure 4 illustrates the changes of effective stresses most

significant to the question of reservoir-induced seismicity. The

Pleistocene history of river incision tended towards failure , i.e.,

the Mohr ’s circle of s tresses shi f t ed progressively towards the fail-

ure envelope; consequently , at lea st a modest level of seismicity due

to fault slippage nay have prevailed since Pliocene time when the

alluvia l cover was stripped . Intermittent valley alluviations pro-

babl y stimulated greater seismicity, fol lowe d d urin g river degrada tion s ,

by diminished seisrnicity. The decreases of effective stresses predic-

ted to res ult f rom reservoir f il l i n g  are numeri c a l l y  more signi f i c ant

tha n the la tes t  geomorphic changes. They indicate tha t conditions

are appropria te for induced seismic enhancement. No threshhold of

prior stress conditions exists.
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COt’CL’JS I ONS

1. Comparison of the proposed Richard B. Russell Reservoir with

other Piedmon t reservoirs does not provide clear-cut  reasons to pre-

dict that  the proposed one will  be especially seismic , nor does it

indicate why or~ (Hartwell) should be evidently aseismic , anot her

(Clark Hill) weakly seismic or delayed in reservoir response , and a

third (Jocassee) evidently produc es swarms of low—magnitude (M<4)

quakes in its immediate area .

2. Richard B. Russell Reservoir , lik e Cla rk Hill and Hartwell, will

alter the state of effective stresses in the adjoining and underlying

rock in a direction tending to foster failure by fault slippage under

pre—exis ting tectonic stresses. The changes of stresses attributable

to natura l , pre—reservoir geomorphic events , such as Pleistocene river

incision , have also been unfavorable; therefore, the natura l seism ici ty

is a logical consequence of the history of the region and the reser-

voir will tend to increase the local seismicity.

3. Experience with numerous seismogenic reservoirs suggests tha t

shocks can be expected to occur wit greater frequency, and a t c loser

proximity to the reservoir tha n would have been the expec ta t ion deriv ed

from the history of naturally-occuring earthquakes in the region .

There is scant evidence (except Koyna ) that the maximum probable

quake ma y exc eed the expec ta t ion  of na t ural events , nor is t here

reason to predict earthquake swarm activity.
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DEPARTMENT OF THE ARMY
WAT ER W A Y S EXP ER I M E N T  STA T I O N . CORPS OF ENGINEERS1k. ~ 

)‘ P. 0. BOX 631
V ICKS B u RG,  MISSISSIPPI 39180

WESSH 17 February 1977

~~ 40RAND UM FOR RECORD

SUBJECT: Comments on Report Entitled “InJ~ ced Seiroicity at Richar~ 0.
Russell Reservoir” Submitted by Dr. h avid  T. Snow to the
Savannah District

1. Dr. Snow draws together , by c :nplicated ceductive processes , i n f ~ rnia-
t ion from several disciplines to attempt a numerical lv—ba :el u~’o~’~
of the possibility of induced se io rn i cit y  at the  R i ch a r d  0 . r r a ~~~ I
I am unable to accept his d e t er m in a t ion  as being so r ; i fi c a . iv  r~~t t ar ,-
tiated to the extent necessary to project an erahau cec iSOil Cl~~~~~~~t

site , or indeed any change at all.

2. In his process , Dr.  Snow calculates effective strom chaa ’er
sail ~o ox iot  85 nii l ic .• .

his report he says: “There is some doubt about the ma~ nitao en and
direction of in si tu principle ( s i c )  stresres ” (p age 7 ,  l ine I, )  Th~~
is indeed the crux of the mat te r .  The near—past s e i r m i c  h i st ory  f t . ’ ’
site is a funct ion  of stress as it now exists , assulni :o ml:w chaa~~.:
with time. Since the concern is ci ted  to be the  chano e  in e f f e c t i v e
stress , only the current state of stress and the ini’i.en -e of r a c e r ;  ~r
f i l l ing on the stress state need be considered (ass mtno  t~,at t oe
rent stresses may be defined re l iably) .

3. In the same light , it must be noted that reoior-aI inrrea. es in
pressure must have already taken place due to t h e  iro ~m~r of
voirs both up and immediately downstream . These do a t  ~~~
altered the stresses at the site s u f f i c i e n t l y  t~ in o u c o  .:eicmicity
the site. Hence , the magnituue of p rcr cre d  3tresc C k r u o e : , •
porate the exist ing pore pressures , whic h tend t . l ow e r  the i r~or~ m entoi

change attributed to the  project  reservoir .

t~. Indeed , when the incremental  s tr er s  chan € ’ i~ po t . ~r t o
by a comparison w i t h  r tresseo  which r , 11, :,L o x i S t  it ~~~ t o  or ,  t an  re .
voir (see m d  1 to I~ ’R by Den ha:hcs ,I n t o d  11 ~‘ebrunry - 

‘ ‘, , r,~: - • 1:

above),  the stress change is re 1ative~ y irim if;cant . I:’ a ;mlcit :;

A p~~~i ia i  i x  I
1. I o f  I . ’
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WESSH 17 February 1977
SIJBJECT : Comments on Report Entitled “Induced lei;aicity at hic la rd F .

Russell Reservoir ” fubmitted by Pr . havid T. Snow to the
Savannah D i s t r i c t

were to be changed s i gn i f i can t l y d ue t this s t ress  i ncr e m ent , the
region would have to be ex ist ing  at a stress l a m - e l  of in o i p i - .’n t f a i l ur e ,
which would tolerate no buildup .~f strama ener -v ~r, the  rm- g a Joe  to
a continuous stress relief , i .e .  fa i lu re .  line 0 : 0 1 1  areoe th a t  onl y
small events could occur in this case , and that :am e r v . i r  Ii., ing wou
be easily accommodated without a significant ( l a n a gin g )  event . f u c h  an
incipient failure condition might also be reflected in a high rate of
micro—seismic  a c t i v i t y  in the area , before or af ter the fi l l i ng  of adja-
cent reservoirs , a conoi tion a t  m b v i o u m ~~ ’ ~i r ;  a r m -n t  at t~~e si te .  £n  t h i s
l ight  I wonder if  any worry at all need be m -x~~~r ,de d r e l a t ed  to
changes of the  cra er  hypothesised . R e f e r r i n g  to t i e  u~~t l . . r ’ s f igu r e  .,
the ch ang e  in m a x im u m  shear s t r e s s  between tn e  p r e —  and I~~st — r i  II  l ag
states is essential ly zero , and the  co r r€ - rp on d i r ie change in rac~~u i r o d
strength (~~) to accommodate the changed ot ress  c m - r i d  i t  i on  is c m x l i , i . e .
< 1 to 2 deg . Such orders are nut  w i t h in  ~ ur’  j o l l i t y  to d et e r m i n e  and
would exist witnin the scatter of test data ( a l ta r o gh  his  assumed 30 deg
may be low).

5. Figure 1i , thoug h r . t e nj e i  to be ii ].uotrat i’:e , 10 misleadi in t ha t
it showo a :‘a1~~u r e a -r . -:el m -uo -, ~ xj s t  near  t H  Li/ S he ical  :‘,ress cir-
cles. t.riis is i n cor r e c t  s i n ce  s t r e c n a . . , : h c w n  Ir e  :t r m - . chariri’s f r o m
some urh~nawn s t res s  car .  l i ti on  ~a .  on ~~~~~~ .~ i J a : a X l O t m - . I  35 ~1l S i’ m - - c s
past, and the ‘ i m -  0 lu te  eas i  t i  .n  ~ f c u r r ent  c t r c a  ocr ; a a p l o t  of t h i s
nature is unknown . H e n c e , no r e i a t i o; i r h ’. p may cm- r e a m . n a b i v  est abl  s o n ed
between a p..ssib~ e fas~ ure cm -riui tim -n f~ r thm - material and a “change ’ of
stress due to reservoir filling on thic i o n s .

6. Dr. Snow is complimented for his effort to e s t ab l i sh  a co nc e p t u a l
framework by which possible s e ism i c i t y  might  be ex : t m i n e O .  1 ic a
feel that  his concepts , however appropriate , are suffirie~ t to cam; ct
a conc lus ion  regarding induced seismicity by q u a n t i t a t i v e  mean ; at t n m r ;
point in time .

7. I suggest that world—wide evidence indicates that induced sn i c r n i c i t y
is unusual , i . e . ,  several hundred quiescent  reservoirs ve r su s  am ut 30
with ppssible act iv i ty .  Experience within  the Piedmont weal ; also
support this argument ; a necessary but not sufficient c e n di t l en .

8. In summary , Dr. Snow ’s report does not serve to adequately substan-
tiate condiusiocs regarding either the possibility of or lack of induced
seismicity at toe site and is not considered to be a useful docorcerit at
this time . It represents an attempt to apply a largely unproven concept

2 A pp endix I
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WESSH . 17 February 1977
SUBJECT: Comments on Report Entitled “Induced Seismicity at Fichar l 0.

Russell Reservoir” Submitted by Dr. David T. Snow to the
Savannah District

to a practical situation, unsuccessfully for practical purposes. Speci-
fic comments are attached (Inci 1).

1 Incl P u/f l . j~~CLEAN

as ~~igineer
Chief, Earthquake Engineering

CF: and Vibrations Division
Mr. Earl Titcomb , Savannah District
Dr. James Erwin , SAD
Mr. Paul Fisher , OCE
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SPECIFIC COMMENTS

1. Page 5, line 5: Whm-t is seismic ~.intor y ? Has i r i c i d e r c e  or intensity
increased? Negative m r p u n i t i v e  c o r i t ; ’ i r o t i .  .; r  t~~ present assessment?
Size of Russell Reservoir compared with “larger and deeper? ”

2. Page 5, line 8: How true! This statement almost tm -tal ly reflects
on the present effort to assign ±25 psi changes in 5 as being too fine
an edge to none.

3. Page 6, item (3): What is the basis for selection of Poisson ’s
ratio = 0.3?

14. Page 7, line 1: What relative degree of seismicity is delineated
by “a degree of?” Also , generalizing t r i m -  existence of stresses near
“critical for failure” requires more cvi i e r , c m -  than pre .;e; tod ,

5. Page 7, l ine 14: There is indeed doubt regarding existing a and
orientation thereof which essentially renders la ter  stress change cal-
culation to be of no (quantitative ) value, and possibly of little quali-
tative value. As pointed out by Don Banks, why guess at changes of a
over 85 million years when you don ’t kr.ow wrrat the initial a were to
which these changes of stress should le applied. A better substantiation
of the hypothesis wouli be to determine current in situ stresses , over—
ccrimJ or whatevcr , and :ce vhat t h c. reserv~ ir Ises to

6. Page 7, line 9—19: Is this a strong argument?

7. Page 8, line 1: The spacial, distribution of pore pressure increase
is likely to be very site—dependent .

8. Page 8, l ine 114— 16: Very t en ta t ive ;  I would say that  balance of
evidence (say several hundred reservoirs versus approximately 30)
suggests induced seismicity to be unusual circumstance.

9. ~~~~ 8, last line: See statement regarding page 7, l ine 14 .

10. Page 20, last paragraph, f i r s t  four  l i n e s :  Casts doubt on actual
validity of study.

iv
A ppendix 1
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SUBJECT : Comments on Report Enti t led “ Induced Thismicity at Richara  B.
Russell Reservoir” fubsritted by Dr. David T. ncw to the
Savannah District

1. I have always been impressed by the deductive reasoning advanced by
geologists in pursuing their studies. The reasoning embodies a great
breadth of experience , careful observations , criti~ ues, understari.ii;,g of
the important conclusions of previous and contemporary in’.’e st i ga tm r s ,
and most importantly a careful, well—documented logic that leads to
substantiated, well—grounded conclusions.  Perhaps the most cmrerwhelaaiao
impression obtained by reading the subject report is that a conclusion
was reached and references , either in the form of rei:rts, personal
communication , or ~y mathematical occic , were invoiced wnenever necessary
or conven ient , whether applicable or not , to lead to these- concdusi ..r,s.
In particular (quoting from Cor,olur-ioas ) “ Comparison of the prcj~.~ni ea
Richard B. Russell Reservoir with  other  Piedmont r e se rvoi r s  doe s  not
provide clear—cut reasons to predict that the pr posed one viii be
especially seismic. . .“ ( agreed that is the primary parpose of the
detailed seismolog ical study bein~ pursued , but the question remains ,
what facts have been discovered by the present study to establIsh a
reason to suspect the Richa rd  B. Russell Re servoir vdil produce .ictn-i—
mental seismi c a c t i v i ty ? ) .  (Again quoting f rom Conc i . ’a : i sns)  “Richa;- ; B.
Russell Reservoir  . . .vill alter the state cf  e f f a ct iv e  stresses in the
adjoining and underlyinc rock (agreed) in a direction tenhin : to foster
failure by fault s],ippm-ge under  mre—existing te:’.~ornic stresses ( t o  be
proved). The changes of stresses attributable to nat iral... events.. .b~ ’j m
also been unfavorable, theref.~re , the natural seismicity is a logical
consequencr ~ of the h i s t o ry  of the region and the reservoir will tend to
increase the local rel :micity (I ion ’ t belie- c e this was s u b s t an t im-t e c  by
the s t u d y) .  ( Again q uot i n c  from CTrrcluci a:) “Those is scant evicence
(except i-icyna ) that the maxim-un probat  ~e qu ak e may oxceed the expect’~—
tion of natural events, nor is there reasmn to predict ea r thquak e  sam -r n
ac t iv i ty .” I believe the proper statement shoul d be “Th em - l i e - f l e e  w a r
produced to indica te  a maximum prabable  quak e , i:, l ane ; from : ‘e servc i r
loading , will exceed the expectation. . .etc. . .. “ Tr im - r e f e rences  to r :. . yna
Reservoir  in the report sho w no relationship to the Richard B. Russel l
Reservoir .

V
x I
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WESSR 17 F e b r u a r y  1977
SUBJECT : Comments on Report Ent i  t ~ed “ In du c e d  Id amid ty at hi ohar u h.

Russell heom - ;-m -,~ir ” .u f t ;it t e u  ny Dr .  :aiid T. Snow to  the
Savannah liistrict

2. Perhaps , to me it teast , the  am-st difficu lt point of’ the report to
accept is the rnetho l used to arrive at the change in stresses beneath
the proposed reservoir.

3. In reference to i ll us t r a t i ons A and B and th e en suing c a l c ul a t i on s ,
the following c o m o e r i t s  are cf;’ere~ : Invoking Archimedes ’ l~aw to obtain
a relation between eros i on or alluviation cf material an o t h e  uplift or
subsidence of’ a free floating body is correct in certain ‘context: such
as the quoted case of an iceberg. 

~
y main question is , however , what is

the analogy of an iceberg and basemc r.t racks at Richard B. Russm-ii . If
the analogy is accepted , the law should be f u i l ow c .l consistently. Far
example , why sues the  mate r ia l  in th e  o r i : nt a l  dep th , h , exh ib i t  ~rie mass
density below sea level and another  abovol Far ram -re L ’apvrt an t , i . cw ~ ver ,
why was the analogy “ stopped ” ari d the  the o r y  of e las t ic i ty  ~u m - i d eniy
invoked? If h is the depth tm- a p o in t  beneath sea level , then the
vertical stress at a point inside the “iceber - ” is y h 1 +‘( ( h )  and at a
point outside the “iceberg” is~~ 3

(h). After erosion the vertical stress
inside the “ iceberg” is y 1h 2 + y

2(h) and at a point ou ts ide  the “ iceberg”
i s y

3
( h ) .  Since the law is for a body in a flu i l , the horizontal stress ,

i sy
3

h both within and without the “ iceber~ru ”

14 . It seem s to me that geologic considerat ions  are certainly more
complex for the  area ( fo r  example , see chapters on Tectonic  Em-aluation
and Geomorphic Evaluat ion)  than implied by the use of Ar c h i m e d e s ’ Law.
Certainly faulting , folding , orogeny, e tc . ,  have influenced and altered
the stress changes in a far more complex manner than impl ied .

5. In reference to calculations sa’maarized on Table I the followi ng
comments are offered . The calculational ex e rc i s e  must have been
in te res t ing , but what does exercise pr ove?  :;m- e s t ima te  is  available
concerning the state of stress predat ing thm- 7;- c t ace o us  pe r iod .  If such
state of stress had been known and the a ;-m - s. a c t e d  l ike an “ i c e ber g ” then
cal culation of the changes in stress to arr ive  ; .  the pr e s e n t  state or
stress night have some meaning . In the a t ser ,ce  of ’ su ch k n ow l e  1gm i t
wou.id be more appropria te  to eut i : aa te  th e -  ~ resent state of streos.
Certainly this estinati:n is ..iiffisult and probably impossible , but
clouding the issue w i t h  i set of u-aiculati ...ns showing stress changes fr-am
Cretaccous time is not desirable.

6. The point of the ob jec t ion  is i l lus t ra ted  as follows : Let us , for
the sake of argument , calculate the effective stress at a point 10 ,000 ft
beneath the reservoir.

A P e - & ’ l u l  i a I
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WESSR 17 February 197~
SUBJECT : Comments on Report ~itit lei “ ril;;ced Seismieity at Richard B.

Russell Reservo i r ” Subriitted by Dr. David T. Snow to the
Savannah Di s t r ic t

Assume y
~~~ 

= 165 lb/ft3

y = 65 lb/f t 3
water

Then 0 = (10 ,000 ) (1 6 5— 6 5 ) 11 1414 = 6950 psi

Assume K = 0.5

Then 0h = 31475 psi

The change in stresses, as estimated by Snow is

= 25 psi net decrease

= 26 psi net decrease

When these stresses are piuttet m-n the attached figure ( m d  1) a
different picture results than that a rtrayei :n Ficirm- ~. of the sub jec t
report. It is true that the net decrease in effective stress cam -oct a
shift in the ~-Dohr’ s circle toward or, assumed but unsubst-a;tiated failure
envelope def ined by an angie of iattnr:;al f r i c t ion  of 0 = 30 icc . but in
no ‘~‘ay aoes the exercise imply that ir:ooce ~ seisnicity  will be a con:.m--—
quence of the f i l l ing  of the R icha rd  P . Russell Reservoir .

T . Figure 14 is completely misleading and should not be used in any
publication concerning Richard B. Russell Cam and Reservoir .

1 m d  DON C. BANKS
as Engineer

Chief , Fuicineering Geolcoy
and Rock Mechanics Division

CF:
Mr. Earl Titcomb , Savannah District
Dr. James Erw-in, CAD
Mr. Paul Fisher , OCE
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~~lMURAN DUl~ F R  BJ;Cfd-D

SUBJECT : Cor scen t s  cii  Repor t Entitled “Induced Seisroicity at R i c h a r d B.
Russell Reservoir ” olubmitted by Dr. David T. Snow to the
Savannah l is t r i c t

1. Dr. Snow ’s mo d e_  is t ha t  of a cumula t ive  relief f e f f e c t i v e
str esses p r o d u o  : by remuv a c  of the  ge. .~ .ogicai  ‘cot  ~cn fr r. the
Cretaceous (up s ;-  n x i n ’ .a te l y 100 m i l l i o n  years  m’s )  an . the 5 ;-c se-n t .  The
stress cnan ;es ar -c ‘ho. cc resulting f’ i- cm erosion , aoopco.’at ;ra snange , jr. I
isota tic  au ju s t o a n t . Dr.  Snow status that these fast ~rr :ro.ou no a
decrease of v e rt i c a l  stress in excess ~f t n e  oecr~ aso in n o c : m n n t o a
stress. Th smal l  s tr e s s  changes  re:~~_ t in r  Iron the  ab.: -:e p ; -coe- : : e :  are
superircp:sei or. t hu  rem-i .nnal tectonic stresses. Thspecifiei, h i g h ,
hO r i 7~~~~-~1 ~

- -e-~~c±o r I: mo ons -nod .

2. Dr .  Sn ow p o s t ul at e s  that an increase in pressure from weight in a
reservoir lecre asen -  e f f e ct i v e  stresses in rooks. Re postulata: a_sc
t hat t he se decreases  m m - r e  tha n - ff’set the increase of’ efI~ c t iv e  s t ress  :5
r e su l t ing  fa ct Jeu . lwei ght of water , an assumption that is not s u p p o r t e d
in his analysis.

3. Along a fault , a decrease in effec t ive  stresses in rocks recaoes toe
resistance of’ the fault to slipsage. If the reduction is below a criti-
cal level , mo-iec.ent is triggered and an earthquake is pr oduced. Cr. Thow
states that reservoir— :nluced changes in effective stress extend to
about 3 km below the surface and several I~~ laterally from the reserv~ i r .

b . If I under searn . 1  D r .  Snow ’ s paper correct ly ,  he postulates a cucnu a-
t ive r e - s i l ;u i  e f f e c t , in terms of stresses , for all s t r a t a  rem~ vei
a p e r io l  n f  _ 0 0 mi l l i o n  yea r s , t h a t  is , dat ing back t t h e  upper
C ret a r ’ ;s. Dr . 11. . w c i t e s  2 , 170 f t  of up . . if t  a n ;  e rn s i ~~n at t he Ru :~~el~.
s i te s inc e t h e  m i  ~— i a e t a m - e ’- ,s and t h at  the t~~p nr r o ph y is nm-v on~ y 1425
lower t han  f rme -r~~v. P t  c i t e d  is the h o r io ;n t al  moti n t h a t  t h i s
p m - r t i - r .  I the  c ru s t al  p l at e  unuerwent in the san e p e r i o d  o:’ t ime . I t s
m :v e : o . nt  was s:n~ th  ~~o~;d: of ’  mI l e s .  In addi t ion tm - major  s n m p r e s s i v o
e f f e c t s , tn ~~r m were p e r i o d s  ~f re laxat ion.  In the Tr iass ic , gr roL ~~ns an d
basins  were for -m e : an:  were f i l l ed  w i t n  sediments. These pr - c oer c e :  nay
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WESSR 17 Febr -; ’ iry 1977
SUHJ~ CF : ~ .:sonnt s ‘:11 h a r t  rititl e ’l “ir,duced Rei . raicity a ’. h i  .‘nar I B.

Russel l  R e s e rv o ir ” fu bm i t t e d  by Er .  David T. b o w  to ‘~he
Savannah D i s t r i c t

have induced internal changes in tine section that affect density or
load as great as , o r possibly more ‘ohan , the c ;t e d  e f fe c t s  of’ erosi’~n.
In any event , an analysis slum-Id begin , iro t with p ’nntala ti un: of past
geologic h i st o r y ,  but with  assumptions 01 s t ress for  the p r e c e rt  cu r i o : —
t ions  only and then ‘Liluw for the addition of a reservoir -

5. The h in g e  line t h a t  Dr. ~now places at tine ucun u t ry  of ar e- Coastal
Plai n is also a simplification , and perhaps t m - u  great a simplification.
That hinge line furors a fixed demarcation that encompasses the .-:ntlr e

~eo~ o g i o r ;  I sect n. h i nge  lines m ove  t h r  cm-gb t i n u . As a basin devel’o.~~,
its hinge l~ re t y r o i n a i r  y r :. vuo  ou t w a r d  in order tn  a i im -v  f ..r’  t he  enlarge-
ment of’ t h e  basic . Thus the post~~L ’ it iu n s  based on a f i xed  h i n g e  line
may be sub ject  to other interpretations.

6. Dr. Snow ’s n.:el assumes that, in the Russell area, there are only
compressior~al f’ur:ou, these that produce earthquakes by act ivat ~~ng
thrust faults. Seisriu l . ical studies of mici- ’ ea r-th q :akes  (earthquakes
so small that t ; oy are ;-ecnrded only by in s tr u me n t s~ near the Clark Hill
Reservoir show tm-. ’ictly t h e  oppos i te .  The mioreearthquakes  were produced
by normal faults.

7. Dr. Snow observed that there Is a disparity in the occurrence of
earthquakes at the e x i s t i n g  reservoi rs  along the Savannah River .  The
Hartwell and Keowee Reservoirs  have no microearthquakes; however , micro—
earthquakes have occurred at the Clark Hill Reservoir.

8. There have been two felt earthquakes in the Clark Hill area. The
first was in 1875, long before there was a reservoir. Tine second was in
19714 after the Clark Hill reservoir had been in ot . c r a tiu n  Icr 21 years.
Because of the time of occurrence of the first earthquake and the 1 n m -
time interval between filling of the reservoir and the occurrence of the
second earthquake , both earthquakes must be interpreteni  as having
occurred independently of the reservoir. They were produced by re:iona .
tectonism. The microearthquakes that occurred following the l 9 1 4  earth-
quake at Clark Hill have the following characteristics: they are
predominantly ~ ia1low, only a few kilometers below the surface , and they
do not define a~~’ single fault, rather , they define an elliptical zone
of faults. The forces that produced the microearthquakes were inter-
preted by Talwani, using the seismic records , as tensional . In combina-
tion , the rnicroearthquakes fo rm a seismic “hot spot.”

9. Geologically, the general area of the Clark Hill and Ru ssell
Reservoirs is composed of northeast to southwest t rending bands or zones
of varying lithologies. The seismic hot spot at Clark Hill is approxi—
mately at a boundary between two lithoiogic zones and the long axis of
the hot spot parallels the boundary.

2 A plm- Ic d ix  1
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SUBJECT: Comments ni; Report Entit .cd “indu ced Seismicity at Eicr :a r ’d  P .

Russell heuern” .i a ’ b ihori t te u  l y Dr. David T. Snow to tie
Savannah DistrIct

10. Compressional and tensional for ces  say work together  in the
Piedmont. One can visual ize  a s i tua t ion , akin to that of a glac ie r ,
where there is flow at depth through a process of plastic deformation in
which the f m - r o e s  are compr -ecoiona l .  Pear the surface , the :1 acier is
shatter’: with fissures and crevasses r er r e sen t ing  c o n d i t io ns  of ’
t e n s ion .  Tine r it ras t  is there because 1cm-t im-n is not erniror :’. thruu~ i;
the section. hicilarly, lateral motions in zones of ’ rocks in the
Piedor nt may be taker ;  up by a sort of plastic flow. A:jacent r oks with
dissimilar prm -rn :r-ties of deformation coup not ‘deform is. concert . The
n o n d e f : r m ir n ~ m at er i e l  may then behave as a brittle substance arc onatter ,
prod u c in g  mic : -coar t h guakos  within a n a r r o w , shallow zone akin to tine
crevasse areas of’ a gl- i ci e r .  At depth , the rock may deform plast ical ly
and ins t be active seismically.

11. A model, d o l l a r  to  that described above , would explain the hot
spot of seismicity at Clark bill. it w . :ld explain the shallow,
isolated c h a r a c ter  of the hot spot and the absence of hot spots at other
areas , notably at the nearby Hartwell Reservoir.

12. If the above con c ep t  of a hot c;~~t is val id , the model is self—
limiti n~’ with r n ’, rc t n  th e  m a x j f l ’n ,—’ ~~r t f l m- ,ncke  t ’t~~t 055 ~~ ~~~~~~~~~~~ La
a hot spot. The dispersal of m ov em e n t  a onm - a zone of sn a l l o w  fa’u ts
presupposes  a dispersal of the energy avai lable for eart}n q ’ondees ,
th e r e f o r e , the re will not be a bui ldu p to a ‘~-ery large earthquake.

13. The local situation described above’, or other possible interaruta—
t ions , were not adur e s ce :  by Dr .  : 1,0w ntn: ;  perhaps cannot  be aoi u-es~ ec
using his s et h ’ ::. Dr .  C :n ow ’ z anal’,-s is  n o r  a compresslonal c . n I i ’ i . .. r :
showed that  c .r t mn n - :k enn ‘ co o l :  be in d u ce  I. For a t e n s io n a l  situation ,
earthquakes sr o . ñd  be irb;ibite~ . F r om  t h i s  Limn dt e d  starr ipo in t , the
earthquakes at Clerk HIll are the opposite of what wruad be expected
from the int e r p r e t a t i o n  of Dr. bnow.

114. ~~ . Snow concludes t ha t , “There is Scant evidence (except  ~:~~sna )
that the maxi m um probable ‘~uak e may exceed the expectation of n a tu r a l
e v e n t s . . .  . “ On the basis of Dr. Thow ’ s rep~. r t , there  i s no evi ;e :nce
rather than “scant .” A maximum eartl c .;arne em-’ the R i o  nuru
site was taken to be mam-nit ;,Ie 5.5. This value v-tin e n i o r c c d  by tb’s
seismological  u r ns  geological c o n s ; s t a r n t c  to t h i s  p r o j e c t , Cr :. C. C. hoar ,
Pradeep 2:1cm-nI , 0. W. Puttli , and . 1. lh.emmm -r n: .  Dr .  h . . w was also- a
member of this group and a-reed to tie same maximum value for the
earthquake.
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WESSR 17 February 1977
SUBJECT: Comment s on Report ~ ititled “Induced Seismic ity at Richar d B.

Russell  Reservoir ” Submi tted by Dr. David T. Snow to the
Savannah Dis t r ic t

15. Dr .  Snow ’ s report was commissioned with  the expectation that he
would use the most advanced art to review and speculate upon the
processes a f f e c t i n g  induced se i smic i ty  in this portion of the Piedmont .
Unfor tunately , his report is technically def ic ient .

E. L. }~~INITZ i’
Supv Geolog ist

~~gineering Geology and
Rock Mechanics  D i v i s i o n

CF:
Mr. Earl Titcornb , Savannah Dist r ic t
Dr. James Erwin , SAD
Mr. Paul Fisher , OCE
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Responses to Coimirents of Revi~~wurn;

of Induced Sc j orm i i c i t y

Richard 3. Russell Reservoir

by D a v i d  r J •  Snow

N i n e t e e n t h — c e n t u r y  g e o l ogi s t s  deduced from the palc- orr tolm - ’m ic

record of periodic , widespread annihilation of species that there

have been d i s t i n c t  tec tonic  even t s , w o r l d — wide  c a t a s t r o p h e s  t h o r t

fo lded , f a u l t e d  and u p t i l t e d  the sed imen t s  and b u i l t  m o u n t a i n s .

It appeared f rom the t h i ck  sequences of ba s in  s e d i m e n t s , w i t h

c o n t i n u o u s l y - e v o l v i n g  o rgan i sms, t h a t  t ec ton i sm was absent  i,etwo mm

o rogenic  even t s .  U n t i l  very  r e c e n t l y ,  modern geo log i s t s  have

retained the corollary notion that the stresses necessary to

produce faults or folds have likewise been periodic. Laboraturo

evidence that rocks creep d u r i n g  geoloq ic  t ime  sugges t ed  t hat

the mountain-building stresses must die out soon after each

“revolution ” .

If there is nothing else that proven cases of inducce

se i s m i c i t y  have t a u g h t  us , it is the fallacy of the old notions :

hi gh stresses persist long after the failure events. In ColorsD

i nc reased  pore p re s su re s  of the  order  of 1000 ps i  h o v e  been

sufficient to cause e a r t h q u a k e s  at  Denver  and R a ng e l o , releasinq

elastic energy attributable only to “ t e c t o n i c” stresses that

have not produced siqnificantstructures since the Cretaceous

Laramide “ revolution ” . Similar statements car Dc :mi~ cD for

reservoirs associated with earthquake sw’i r cn s a n d  ( t e \ ” r s t o t ln g

c a r th gu a k e s  equal  to the g r e a t e s t  n a t u r a l  m a g n i t u d e s  e x po r i e n c e m

(Krernasta , Hreece; Bilcea , Yugoslavia ; Lake ~1t’~ J , N evi ia) or in

sor ru cases , greater magnitu des than ~\a’r (Koyna , India; Kariba ,
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Rhodes i a)  . r n  O o n h c  r j s e5, I_he i i . ; r v oj  y- — . j n n u ’ r : ’ m n j u ~s ’: ; xc r ’

produced i n  ar e a s  t h o u g h t  to t o  am;e i sm lc , j n c c k j r n n I n t  i v c :  I n i u l t  i r n O ,

as at  I~a r i ba  and Koynra . In most of those cases , includi ng i c o n / e r ,

Rr e m a st a , Koyn a , 1<ariba and Rileca , prior earth rn ;;kes , (rot - a r

infrequent , did occur , attestinq to sufficient stress fur

failure , at least locall y. This lead the writer (196814 ,~~~t c

conclude that the most likely state of stress in any region of

earthquakes or recent faulting is of a m a g n i t u d e  c r it i c a l  to

failure on some fault(s) present , i.e. that stress is commonly

governed mainly by strength, a function of depth. Whereas

orientations of pre-failed sli ppage surfaces must be significant

in some places, su~ h ancient complexly faulted rocks as the

Precambrian of the Colorado Front Range have such diverse fault

orientations that one can safely assume that for larqe regions ,

a fault at the critical orientation exists. Particularly where

erosion in the late geologic history has reduced confinement ,

the s tresses have had to be r e l i eved  by e a r t h q u a k e s , so t h a t

the mass has remained near-critical , thus prone to failure upon

decrease of e f f e c t i v e  s t resses, such as r e s e r v o i r  f i l l i n g  or

injection wells produce.

The above theory, perhaps unprovable , is pet  more p a l a t a b l e

than the old notion that earthquakes are capricious phenomena

beyond our ken. In a general way, the earthquake release of

n rr e s s ,  the  r e s u l t i n g  f a u l t  s l i p d i r e c t i o n s  and regional crustal

*References are found ir . the  s u b j e c t  r epo r t  on R . R .  R u s s e l l

Reservoir , otherwise , new ru~ crc’rrces are listed fol lowi no this

Paler.
\rl~ ’ndix I
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deformation taking Irlace must ill be COnsist inqi p r (’lat - I  to I

state 01 s t r e s s .  N ow he r e can  one m d  thrust fa u l tio n i i i o . ’ n t

to contemporary i aulting , or a change of much character with

depth involving an e x c h an r e  01 d i re c t i on  of ~~~~ and Iluweo r ,

normal faulting and wrench faulting co—exist in the Basin and

Range where and 0
2 

a re  equal  a long  v e r t i c a l  N N E — s t r i k i n q  i l a l _ i c u .

The above does not preclude the existence of rock volumes

bounded by faults that have failed or that are critical for

f a i l ure , within which stresses are below the critical levels. In such

volumes , measuring meters , kilometers or even hundreds of

k ilometers , it may require large changes 01 pore pressure to

produce failure , because t ire stress in such a strong inclusion

is limited by the strength on bounding faults. Within present

capabi l ities , no amount of field geolo r’- is going to be adequate

to define the volume boundarins or the  m a g n i t u d e  of a s a f e t y

threshold  tha t  m i g h t  e x i s t .  R a t h e r , it is best to a s m ;u m e  a thin

m a r g i n , t r e a t i n g  each c i r c u m s t a n c e  c o n s e r v a t iv e l y .

Would we have to say, then , that all reservoirs being planned

are p o t e n t i a l l y  se ismic , s ince  they all must raise basement

p o r e — p r e s s u r e s , l o c a l ly , at l e a s t ?  No , t ha t  is  not c o r r e c t .

There are reqior~~of geologicall y recent alluviation, such as

the SE portion of the Basin and Range, where seismicito is rare ,

and deep basin alluviation has increas~jconfinemeri t on faults

di pping beneath  them . F u r t h e r , there  are c i r c u m s t a n c e s  of

hydrologic isolation , where a reservoir will add to effective

stress. If intervening confining beds and/or the basement

daylights elsewhere, pore pressures will not be raised . Thus

each site deserves scrutiny.

A p p e n d i x  I
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These notions have been e x p o u m i l e d  i c y  t i e  writ e- c in pt  i o r

publications (1972). There is no pretence u t  a c o m p l et e  theory,

satisf yirno all our needs. Rather , continued attempts to understand

seismicity under given circumstances , by peop le of d i v e rg e n t

bac kground and inclinations , is especiall y important for the

study of induced seisinicity because there are doubtless

unrecognized variables and effects that bear on the prediction

process. Empiricism will never suffice. No agency is able to

s h u t  o f f  i n q u i r y  in to  the s u b j e c t , but  t he  Corps  can s t i m u l a t e

or postpone attainment of design-worthy method s according to its

treatment of such reports as the R.B. Russell evaluation.

Criticism can be constructive .

The following paragraphs refer , by number , to paragraphs

of the February 17 , 1977 comments of Nr. Don C. Banks.

1. The facts discovered by the study were summarized in

the statement , quoted from the conclusions , namely, “Richard

B. Russell Reservoir —— - will alter the s t a t e  of e f f e c t i v e

stresses ——— in a d i r e c t i o n  t e n d i n q  to f o s t e r  f a i l u r e  — — - “ .

Proof was o f f e r e d  ( Snow , 1972)  t h a t  in s t e a d y— s t a t e , a r e s e r v o i r

on a homogenious porous medium would decrease e f f e c t i v e  s tresses ,

and that such a change is essential fo r  a l l  s t r e s s  e n vi r o n m e n t s ;

normal , wrench or thrust—fault. I n  i n m ’i n i t c - l ’ - - - r - x t e n s i ’t ”  r e s e r v o i r

of uniform depth would increase total vertical stress by the

same amount as it increases pore pressure , but horizontal

effective stress decreases in that case. Fillin t a canyon

reser--oir , like a well in continuity with its format ions , does

n )t 1l l r ec iiLly increase total stresses in low—porosity basement

rocks , bu ( c l i i  effective stresses decrease by the a m o u n t  0 1

A p p en d  i x  I
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ore— 1)ressurc ris e iii the c li v i t c O n m ; . All ri o ; x y ou C i c i  1 ; U I a t  i n n s

I i~ 1s t ~een tht ;ne two ext rc rlr , n

Since I l ie Cr t a c ou s , y r c m u r l l v — d e ( - r ao -;ln cl ~ : tect rvc stro n:; ; s

ove r geologic t ime w e re  ( l e f lt on s t t  I t c i to h av e  occut  rem i t  t u e

R . B. Russell k - n e t  v o t  r a r e t .  on p an e  4 3 of  t he  r c  p ox  t is a

u c - s c i  ip t i o n  of P l e i s t o c e n e  ef f e c t s  shown in P i c t u r e  4 t h i t  t~~t r d c c ;

to  u r i c - c s t r e s s e s  t o W L r ;5 f a i l u re - . The great er d c rc -as e s  of

and 0
3 a t t r i b u t a b l e  to the  rx i J - -c f re ta ce o u s  to P l e is t o c e n e  ( 6 b )

h i s to r y ,  also t e i i reu  toward f a i l u r e  d u r i n g  most  on t h a t  per iod ,

as t o n i in conclusion No.  2 ,

( o n t i n u i n g  decreased  s t r e s ses  in the

‘.:e r~~~-ned crust are implied by the erosional unloading , consequently

r e t a i n i ng  c r i t i c a l l i t y  and s e i s m i c i t y  because t h r u s t  f a u l t i n g

was active earl y in that t ime span.

In the Mohr diagram , the absolute stress magnitude is

u n s p e c i f i e d  because it is unknown ; on ly  changes  are si g n i f i c a n t .

The changes are presumed to be the same at all depths , whereas

the magnitudes increase with depth in a way that maintains the

circle of stresses near—tangent to the failure envelope . This

is the working assumption previously stated : stresses at all

levels approach failure if current or recent earthquakes or

other evidence of deformation by brittle failure are in evidence .

Thus the  r epor t  did s u b s t a n t i a~~ the  c o n c l u s i o n  t h a t  t h e

n a t u r a l  s ei s m i c i t y  is a log ica l  consequence of t h e  h i s t o r y  of

the reg ion , and that the reservoir will tend t o  increase tin

local seismicity. What the r e p o r t  did not s u b s t a n t i a t e  is t 1 ,

theory. Any reader should have a healthy skc~~ticism or a

m e c h a n i c a l  mo del , however logical, whose r e - r i — w o r l d  c o u n te r p a r t

A p p e n d i x  I
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cannot  yet  be proved to e x i s t .  I t  w i l l  Ice a m u l t i — m i l l i o n

d o l l a r  p ro j ec t  to prove the  t i o or \  c~t t h e  mechanism of induced

seismicity, involving itis itu strenqth tests and numerous deep

piezometers and stress meters at great depths below a filling

reservoir. Until then , prediction has to remain an art.

The theory suggested is at best qualitative , resulting in

a fail/no fail conclusion. It says nothing about the size of

the surface that fails , the displacemnt upon it, nor the

resulting earthquake magnitude. For such important predictions,

only our experiences at seismic reservoirs pertains : in some

cases , fi ll ing a reservoi r has been fo l l owed by an anomolous

swarm of quakes in the immediate vicinity. The induced quakes

are equal to , or greater than recorded natural events in the

region . The Koyna quake of December 10 , 1967 , exceeded anything

occur r ing  in peninsula India in over 600 years of history. The

induced quakes at Kariba were greater than eve r ex per ienced in

the Zambezi Trough, but not greater than have been recorded in

other parts of the African Rift system . The Hsinfenqkiang

(China) , and Kremas ta quakes have probably been equal to the

gre ates t na tura l  events . In  mos t such cases , instrumental

pre—re servoir records ar e inadequate for quantitative evaluation .

The Board of Consultants for seismicity evaluation of

Richard B. Russe l l  Reservoir  adopted a des ign  quake of m a g n i t u d e

5.5 , equivalent to the maximum recorded historic al Piedmont

quake , translated to the reservoir site. The near—field

v ib rational  spectrum imposes accelerations of 0.5 q on the

R.B. Russell structures , far greater than the design shaking

(0.15 to 0.20 g) included in any previous Piedmont designs ,

Appendi x I
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including several nuclear reactors. The writer endorsed the

M = 5.5 quake as conservative and properly prudent , in v i e w  of

the unfavorable change of seismic conditions that will be

produced by the R.B. Russell Reservoir: the maximum historical

Piedmont quake could be translated in place and time to the

reservoir site . The writer does not find adequate reason for

invoking a greater induced quake at the site , e.g., a Charleston

quake of m a g n i t u d e  7 ± is deemed - unlikely as a response to

reservoir loading . Unfortunately, the theory advanced is

inadequate for that purpose and the empirical approach is

inconclu sive . Only Koyna has gener ated a qu ake in excess of

the natural maximum experience . Neither of the adjacent

reservoirs , Clark Hill and Hartwell , have produced anything

u n u s u a l  in the P iedmont ,  nor have they produced the u sua l  prompt

swarm activit~ the way Jocassee Reservoir has done. It may

be true that C lark Hill has influenced seismic ity by causing

the Aug ust 2 , 1974 quake to take place closer in time and place

than would naturally have happened . Conclusion 3 states that

idea s u c c i n c t l y .

2.  Mr . Banks ’ review does not specif y which of the me thods

used to compute stress changes are unacceptable to him , so I

can address only those mentioned in subsequent paragraphs .

3. The applicability of isostacy to basement rocks at

the Richard B. Russell area is questioned . The fact that the

crust is con tin uous , ra the r than composed of d iscre te blocks ,

does cloud the picture , though it doesn ’t change the ph y s i c s

of the uplift-subsidence phenomenon. One density above sea

level , and another density below sea level is an objection well

A p p e n d i x  I
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taken , and corrected in the following replacement page for

illustration A. The effect is a minor change (1%) of coefficients ,

not enough of a change to warrent altering the rest of the

report.

The theory of isostatic rebound tha t I have developed is

in accord with the theory of isostatic compensation advanced

by Sir George Bidell Airy in 1955 , namely , “that blocks of the earth’ s

$ crust are floating in a relatively dense plastic material ,

usually called magma or sima . The excess of mass corresponding

to hig h blocks is compensa ted for by a displacement of the denser

plastic magma (Jakosky ,  1950 , p. 261).

When uplif t of one portion of the continuous crus t occurs

relat ive  to a subs id ing  adjacent par t , the motions must , on

the average , be radial to the earth . ThOs a tangential extension

accompan ies uplif t, and vice-versa. Elasticity is invoked to

convert the stra in to stress . This approac h was suggested by

Ilaxby and Turcotte ( 197 6 ) , and developed by the writer in a

lec ture  at WE S on Apr i l  28, 1976. The derivation is shown on

I l l u stra tion A , attached .

4. This comment reflects possible problems in setting

geologic events clearly in their chronology. The uplift and

subsidence erents deduced from the Coastal hiain stratigraphy

were all post-Late Cretaceous , whereas the Paleozoic and Mesozoic

structural events , such as faulting , folding , oroqen y , etc.

mentioned in Banks ’ -ev iew all preceeded the Ter tiary upl i ft

events. As pointed out on page 18 , thrust-faulting has

persisted at least until late-Eocene time . Stresses may have

remained so oriented until the present , as suggested by stress

Appendix 1
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m e a s u r e m e nt s  t h r o ugh o u t  e a s te r n  U . S . A . O t ; t  ii (< cent or L~~t c : —

Tertiary faults ot  h e r  titan thrust faults tre cii n cu v e r ed  i t  ~~5

deemed m e c h a n i c a l l y  i n c o n s i st e n t  w i t h  t h e  facts to ~~r e s u m e

that there has been a c i r a n g  01 s t  ; ;5  c o ni  i~~ u ra t i on  s i n c e  t (1e

Late Eocene . To be sure, at any in st dnt , an elastically

anisotropic medium , inhomogenc-ous and cut b various failur e-

s u r f a c e s , does not have within it a homogeneous stress fiel~~.

h owever , if does possess a degree of consistency~ the major

and minor compression directions are not lik e- i- .- to reverse ,

and any other important deviations from the aver -a ;e stress

o r i e n t a t i o n s  are apt to be local. It is inconceivable that

stresses  are capr i c ious  in place and t ime . They m u s t  make

mechanical sense.

5. The question posed in  paragraph 5 has been answered ,

namely , that stresses at the time of latest faulting were

critical , they have chanq~~ adversely si Ice then , probably

resulting in continued stress release , so t h ey  are likely to

be critical for failure now , at least in some places that

govern the stress field . Any adverse change , SUCh as a rise

of pore pressure , can induce earthquakes if the c han ce  takes

place in a c r i t i c a l  p lace .  There is no hcg u or need for absolute

m e a s u r e s  of s t r e s s , e i t h e r  now or in Late Crc-taceous. If varies

$ with depth anyway. The strength we know only in a -general way ,

l ike  a 30 °± enve lope .- To be sure , better failure criteria

are a t t a i n a b l e, but  no one is g e t t i n g  such d a t a  m r  hypocentral

depths.

An estimate of the present state of stress can be macic ,

but atvastly great cost than was entail ed i n  this brief ; ;t m d y m

A 1c m c e n d  i x I
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H aimson  did deep h y d r o f r a c  s t r e s s  m e a s u i e n l c e n t s  it Rongely

show that the water—flood experiment h i t  alter - I fec t ive str -ssetn

so as to induce or shut off earl hj u a k  it w i l l . Such ; work may

become standard f o r  proposed reservoirs , but tire writ er be-i i o -V S

these may tail because most mildly seismic areas w i l l  prove  to

$ 
be critically stressed , and then how do we- explain aseintu ic

$ reservoirs? Better , more comprehensive th eory is needed , r i o t

measu rmen t s  of u n i n t e r p r e t a b l e  s t resses, Whu~~e precision is

inadequa te  to the t a sk  of predicting failure in a mediu: r whose

strengh properties are only approximately known .

o .  The c a l u l a t i o n s  shown in item 6 may pertain to sh~illow

soils and to rare recently-deposited rocks. The B lack  i i i l l s  of

South Dakota give an elastic , gravity field . Elsewhere , in eastern

U.S. and much of the world , 
~ 

is horizontal. Even  in (Ane Basin

Range Province , 01 and 2 are equal , and 0 3 is horizontal.

Mr. Banks has assumed K0 = 0.5 or cc =0.33 and neglected the

observed tectonic component , as is necessary for thrust faulting.

Presently 0
1 

is most l i k e ly to be horizontal still , in response

$ to base shear of a westward—flowing mantle current rafting

North Amer_ca westward away from the Atlantic Rift. yntil

plate motion changes , it probable sill remain so directed .

P l o t t i n g  g r a v i t y - i n d u c e d  s t resses  o n l y  w i l l  n a t u r a l ly  i n d i c a t e

no poss ib le  f a i l u r e , bu t  t h a t  is not how it  is today on the

$ eastern seaboard . The small changes of stress to be caused b y

Ri-°-iard B. Russell Reservoir would be harmless u n d e r  a oravity

stress field , but the line of reasoning proposed in this stu i y

recommends the scaleless Figure 4 as most representative of

what exists at all places and depths , and shows t ow the iniuced

A p p e n d i x  I
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and h i s t o r i c a l  s t r c - s n ;  changes  - i r e  l i k e l y  to int l  m i n c e  s t a b i l r t y .

The fo l  l o si ng  p a r a g r a p h s  are  in response I o h r  . ~1c (r- i n ‘ s

r e v i e w .

1. ThIs is a sweep ing  r ej e c t i o n  ot  t i c -  nuns -ri v al approach

to the assessment of induced seismicity , on t ue ground s that the

theory is u n s u b s t a n c i a t e d. U n f o r t u n at e l y ,  proof  s-ill entail

field t e s t i n g  of stresses at depths currently accessable onl y

by h ydrc r ac i nq  t e c h n iques , at  costs that would run t o  m i l l i o n s .

The theory is not sufficiently advanced to warrent it , because

it r e m a i n s  incomplete : badly needed is a notion that may

ultimately be translated into predicted quake magnitudes; until

then , the theory only goes so f a r  as to sugges t  w h e th e r  or n ot

failure by fault slippage may he expected . A first otter icr

theory su b s t a n c i a t i o n  should  be the i n s t a l l a t i o n  of a deep (2-krn. )

piezometer  to record the pore p ressure  t r a n s i e n t  t h a t  f o l l o w s

fillirig of some new , large reservior . This would be to substarn c iate

that pore pressure transients reach significant depths.

At least a l a r g e  pa r t  of the theory will be vindicate-c

in t i m e .  For example , the w r i t e r  observed in  1968 that the

co inc idence  of n o r m a l  faulting and wrench faulting in the lAix ie

Valley quake site could only be possible if = c 
2 = overburu

at all crustal depths , and -2 is northwesterly. In 1970 , a

Colorado School of Minc-s graduate student, John Ecre , cosnnbonce i

a program of stress measurement using OVerCorino and hydrofracing

in seven tunnels in Ranier Mesa , Ne vada r f e s t  l~i tc .  This year ,

Ege finished his dissertation , provina that the stress state

is j u s t  as a n t i c i p a t e d , and t h a t  s t r e s s  levels a r e  as close to

sliding f a i l u r e  on p r e — e x i s t i n n  t a u l t s  as p r e c i s i o n  o n  s t r e s s
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$ 
and strength measures can tell. The str -nnses are lin: i t ~~~ b. t i r e

pattern of pre-existing faults.

2. Dr. McLean states the c r u x  of t i r e  m a t t e r  is  t he  uncertainty

about the current state of stress . It is not the crux at all;

one may assume a stress condition for thrust—faulting (‘
3 

vertical)

or for wrench—faulting ( 0
2 

vertical) or in most cases (dependent

on v and ;) for normal faulting (c
i vertical). Given a late

h i s t roy  of se i smic i ty ,  decreases of e f f e c t i v e  s tress d r i v e  the

Mohr c i r c l e  towards  f a i l u r e  in all th ree  cases .  M a i n t e n a n c e

of c r i t ic i  i l t y , by u n l o a d i n g , or by r a i s i n g  the water table in the

pre - r e se rvo i r  h i s t o r y ,  is u sua l ly go ing  to be s u f f i c i e n t  to

predict  enhanced s e i s m i c i t y  when the reservoir is filled . The

pr ed ica t ion , though r a t i o n a l, may  p rove f a lse  in  g i v e n  l o c a l i t i e s

because there may be uncrisclosed variables o p e r a t i n g  to p r e v e n t

fa ilure , e.g. the reservoir may overlie roc k bounded by weak

faults zones , between which the boundary—limited stresses are

subcritical for failure.

$ 
If it is concluded , as have the reviewers , that the present-

day stress alone has re l ivance , and thus the history of stress

is i n s i g n if i c a n t , the only  apparent  approach to p r e d i c t i o n  is

m e a s u r e m e n t  of s t ress, s t r e n g t h  and hy d r a u l i c  p o t e n t i a l .  At

t h i s  moment , i nadequa te  precis ion seems an i n su r m o u n t a b l e

obs tacle to success. Pe rhap s methods of m e a s u r e m e n t  can be

improved . Because of their great expense an economical search

for independent evidence o f s tre ss , stress changes or critical lit- .-

should preceed a measurement program costing millions , and tests

should be interpretated in their historic~il— tnc tonic context

The subject report on Richard B. Russell Reser stir has at t ( -’g tea
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-

p=3 .4

Equating the mass of the columns ,
buoyed by the mantle:

2.8D 2.8(D-e) + 3.4U ~~
3.4U = 2 . 8 e

U = .82e
e = l . 2 U  -

The change of elevation:

h2-h1 = U-e = - . 18U \ _ 
/

Both the vertical and circumferential strains
prod uced by ver tical (rad i al ) up lift are U/a,
a being the radius of the earth. Applying Hook ’ s
Law for uplift alone , AO y=O &

C = — Acx E x

x 1- - a

- 5. X 10 6 U - - $ $
— 

0.7 2.09 ~ 
= .34U psi , where uplift is  in  - t
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Illustration B

- 

~~~~~ ~~

‘ 

I
- 

h 
p =2.1 A

2 
-

-~~~ $

4 - *

~~

1

2

3

8

4 
~

p =3.4

2.8D + 3.4S = 2.8D + 2.lA
S = .62A

If S>0 is a known subsidence , in ft,

Ac = .34S psi.
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$ 
to do this f rom a meager , remote cl- ta b-ira - , sw-1 . as st r ess a t

Jocassee- Reservoir , 100 miles away .

3. The point has already been made , by Stanley Johnson ,

that Ilartwell and Clark lu ll Reservoirsconstitute ideal prototype—

scale tests which have proved negative in r e s p e c t  to induced

seismicity. The subject report, in audition , notes the apparent

seismicity induced by Lake Jocassee and the lack of it at Keowee.

It is clearly prudent to seek geologic reasons for such differences ,

i f  the behavior  of R . B .  Russe l l  is in q u e s t i o n .  Is 7 3 %  un like ly

an adequate measure?

Basement  pore p ressures  have been ra ised by the n e i g h b o r i ng

reservoirs , up-and-downstream of Richard B. Russell , but the

increase due to those reservoirs acting in the vicinity of the

intermediate location must have been nil because of remoteness

( R u s se l l  occupies 37 m i l e s  of the S a v a n n a h  R i v e r )  and e sp e c i a l l y

because of an i so t ropy ; pore p ressures  p ropaqa te  much farther

along strike than up-and-downstream .

4. Part of item 4 has been answered in response to M r .

Banks ’ comments. Indeed , the changes of effective stress aro

minute and in many places , such changes -are probabl y insigniti~~ant ,

producing no seismicity because greater thresholds would have

to be overcome . In other places or after other qeolocic events

t ha t  s i m i l a r l y  change stresses , the threshold can be so low

that modest reservoirs can i n d u c e  f a i l u r e .  Just how failure is

produced depend s upon the detailed bchavoir of fault zones ,

i n c l u d i n g  d i l a t a t i o n al  e f f e c t i v e  s t ress  changes , s t i c k — s l i p

effects t ha t  locally alter the thresnold that must ho overcome

or renewed failure to take p lace .  tt is clearl y not an

\ p ; c I T 1 i ix  I
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infinitesimal process that would produce only microearthquakc-s.

No comfort can be taken (rem the realization t h ~it  reservoir—induced

stress changes are so small that they can hardly be measured .

Such changes have releascd huge stores of elastic energy at

Kremasta , Kariba , Koyna and others , and we must deal with such

minute changes.

In the years since 1968 , when papers concerned with the

Denver earthquakes first came to attention , many seismolog its

have become well—versed in elementary rock mechanics. The

converse is less true : geologists have not been as quick to

learn pe r t inen t  se i smology .  Even at the f i r s t  impor tan t

conference on induced seismicity held in 1972 at the Roy al

Society , most seismologists could not understand the equivalent

of Figure 4, believing erroneously that shear stress is the

criterion of rock failure. We cannot communicate in this

bus iness withou t Mohr ’s theory.

With respect to variations of strength , within which the

estimated changes portrayed by Figure 4 can operate without

failure , no -f- angle can be computed . The changes themselves

a re absolu te , the same at all  levels , but because the point

of tangency is at higher stresses for greater depths , the

corresponding angular change diminishes. The observation in

paragraph  4 is moot .

5. McLean objects to the fundemental premise of the

evaluation; as a segment of continental crust is shaved thinner

by eros ion , stresses would r ise  bu t fo r  the stren gth l i m i t a t i o n s

of ubiquitous faults. Unless a major change takes pla- ’e in

man tle c i rcu lations , or there is a shift of the portion of that

A p pend ix I
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segment upon the mantle , dinn i-nishinc ; strength or ; the crust jros.~

thinner assures criticallity and continued seismicity. (-h r

absolute state of stress at any depth is needed to pursue the

evolution of the rock beneath a reservoir; only the changes ,

and in normal—fault c~ ses , the friction angle. The reader is

referred to the author ’s 1972 publication.

I n s o f ar as the wri ter has taken over 10 ye ars to become

convinced of the soundness of the notions involved , i t  uomes

as no suprise tha t a br ief  inspec tion may not su f fice to be

convincing. The conscientious reader cannot easilly rest when

it is pointed out that there are t h i n g s  misunderstood upon first

inspection. Ful l  cooperat ion is a lways  a v a i l a b l e  i f  requested .

The writer stands to benefit , as well.

6. Further comment on paragrapls 6 and 8 would be a reminder

that the report made no firm assurance , offered no proof that

the Richard B. Russell Reservoir would produce a damag ing

quake , though it may . All it said is that conditions are ri pe-

for  induced sei smicity , so cau tious des ign is approprate . The

decision of the Board of Consultants to approve a near-field

spectrum for the dam is an approprately prudent result of the

findings.

7. There are several reservoirs associated in time and

p lace wi th such swarms and unusual high—magnitude events as to

leave no doubt in some mind s that a relationship exists. The

Corps of Engineers cannot afford to rest on the rareity of such

reservoirs. What , for instance , was the cause of the Charleston

quake? Was it late-Pleistocene coastal submergence that t r l g c

it? An aftershock (?) studied by Tarr (1976) was a thrust - f a u l t  i n ;

A ppr- nd i x  I
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event. Whatever the stress configuration may have been in 1886 ,

the same configuration must still prevail. Because a stress field

must be continuous in sense though not unit orm in direction

throughout even an inhomogeneous elastic basement , the same

stress field is likely to exist in the Piedmont . We have no

answer , except a weak body of statistics on reservoirs , to

the question , “What is to prevent another !-(oyna-like major quake?”

Dr. McLean has enumerated a page of specific comments , to

which responses are made be low :

Item I: The question is unclear to the writer , but if it

asks what has been the history of induced seismicity , one

might refer to publications of Maurice Major , or Ruth Simon

(1968 ,1969) in’ilcating over 3000 instrumental quakes and 300—odd

felt quakes in a couple of years northeast of Denver , where

formerly there had been one fe lt quake (M = 6.7 ? , 1882) in all

history. Refer to Guha , et. al , (1974) who have published

a l ist of 25 ,000 quakes in several years of observations at

Koyna , India , including the (4 = 7 event of December 10, 1967.

That quake severely damaged the gravity dam , forming a horizontal

crack below w a t e r — l e v e l  at a change of section formed , as at

Har twell  Dam , when the height was changed in mid-construction.

In short , induced se isni lc i ty  has been known to increase both the

incidence ( f r e q u e n c y)  and i n t e n s i t y  of q u a k e s .

In the context of the summary of Piedmont reservoirs by

Severy et. al. (1975), Clark Hill and Russell are amonq the

class of “larger and deeper ’ , have had more nearby quakes than

the lesser reservoirs. Lake Anna , Virg inia is the rc-: erence

s ize , 305 , 00 a c r e — f e e t , 13 , 000 acres , m a x i m u m  d e p t h  21 in.
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I tem 2: To be sure , 25 psi stress changes are n ; r a i l

compared to the 2—10 ,000 psi range of total stresses t aut lu st

be acting in the hypocentral depth range of interest . Injection

well quake stimulations at Denver , Rangely, and Attica , N.Y.

were by changes on the order of 1,000 psi , but reservoir

stimulations have been effected by changes computed to have

been 92 psi at Kremasta , 44 psi at Kariba and 68 psi

at Koyna , as examples of the thin margins of strength apparentl y

acting . Such small threshold margins existing are consistant

with computed stress-drops , on the order of 100 psi for many

quakes. The observed dispersion of natural earthquakes , in time

and place, suggests that on the great variety of faults in a

given rock volume , there exists a range of threshold values , probably

on the order of the maximum stress drop. Since reservoirs

produce changes that are a f r a c t i o n  of the r a n g e , some reservoirs

may happen to stimulate seismicity and others not , acco rd i n g

to the state of stress of the underl ying volume , which nray

typically be within 100 psi or so of failure.

I tem 3: Because of i t s  impor tance  in compu t ing  h o r i z o n t a l

s t ress  changes upon changes  of vertical stress (see Snow , 1972)

that are calculable from geomorphic and hydrogeologic events ,

Po isson ’ s ratio has been subject of research by the writer

for about 5 yeats. In the course of field study of the Palo

Verde Nuclear Plant Site Arizona (unpublished report to

F u g r o , Inc., J u l y ,  1 9 7 4 ) ,  it was found that v = .38 for

basemen t rock in the Bas in and Range , because otherwise , the

deep ly-alluviated portions of the province would be more active

s e i s m i c a l l y  t h a n  t h e y  are , compared to the youthful , active $
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western  por t ion  of the p r o v i nc e .  A n a l y ti c a l  work conduc ted  fo r

the U.S. Geological Survey under Contract l4-32-000l-ldS5

utilized finite—element models of fractured masses in plane-strain ,

incorporating representative properties of norma l and shear

stiffness for fracture sets cutting rock at various dip angles ,

to compute lateral stress changes. The continuum-eqoivalent

mass would have Poisson ’ s ratios of 0.25 to 0.59 to account for

the effects , such as wedg ing .

I tem 4 :  A t r a n s l a t i o n  of “ a degree of se i srn i c i t y ” mi g h t

be “ thereis some seismicity ’ . The wording was intentionally

chosen to convey ind~~finiite measures of frequency, magnitudes ,

etc , but to indicate certainty that failure is taking place.

Ruling out source mechanisms other than fault slip with resulting

elastic rebound , sliding— failure regions are stressed accordingly

critical in magnitude and direction , speci fically on some

pre-existing fractures ” , not all. No better evidence can be

expected : insitu stress and strength measure would be poorer

proof of cr iticallity.

Item 5: Response to Dr. McLean ’s paragraph 2, above , will

not be repeated here. If the logic is fully understood and still

r ema ins  unacceptable , then  a search  for  a w h o l l y  new approach

to induced seismicity should be initiated . Any constructive

suggestions will be avidly devoured .

Item 6: The argument in lines 9-19 of page 7 of the re~ ort

can be summ a ri zed , ‘upon examing the conflictinq evidence , the

writer prefers the assumption that high horizontal compression

ex i s ts ’ . Typical of earth—science data , a value-~ ud gement has

to be made of each source of data. The confli’ctino evidence of
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norma l and w r e n c h —  a u l t  o e - a l — p L r r r e  r!R-cm1 ;~;urns at Clark Hill ha:

been q u est  ioned  el r ; r - who r r - , L n i - \ -  i ew I  i i ;  Ta 1 wani ‘ s 1976 a p r

t o r  t i t ~ a t t o rn c - y s  ( o r  th e  Co r pr ;  (letter of December 13 , 1976)

I t e m  7 :  h asenient  p or e - p r e s su r e  changes  may c o n c e i v a b l y

range  from zero (as in the case of the  aqu i c l u d e  s e p a r a t i ng

the  r e s e r v o i r  f r o m  the underlyin g pervious basement) to the

full reservoir change (as in t l ~~c- case of dead-ended conduits ,

like wells or open faults in t h e  reservoir) . One—half the

reservoir  head is a u e f e n s i b l e  f i g u r e  to a p p r o x i m a t e  c o n d i t i o n s

that cannot be known ~ ithout extensive field determinations.

See Figure 2.

I t e m  ~ : S e e m i n g l y , author and critic are saving the san e-

t h ing , and neither statement is worth much.

it em 9: The writer can see no rewording that would state

the con cept  more  c l e a r l y ,  but  would  va lue  any sugges t ion  t h a t

would tend to avoid being misconstrued .

Item 10: When an investigator has the sense to point out

a l t e r n a t i v e s  besides the c o n d i t i o n s  p r e f e r r e d  because of

assembled evidenc-r ,the valitity of the stud y is improved . Such

is the effect of the passage cit~~, to which Dr. McLean find s

objection. A fuller evaluation of one of the stress alternatives

namely normal faulting , is included in response to Dr.

K r i n i t z s k y ’ s comments .

The following refer to Dr. Ellis Krinitzsky ’ s comments.

1. This paragraph is expository and requires no comment

by the writer.

2. Paragraph 2 reflects a notion that dies hard among

geologists , namely that it is the weight of a reservoir that

Ap p e n d I x I
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produ~~~ ear ’thciu rk e - :i . Carde r (1948) d- ; - -u st l O c ;  n o  L-i~. - ‘ -
~~- - s

p roduced a broad 18 cm s u b s i d e n c e  d e p r e s s i o n .  C - o u r -

n o t e d  the relationshi p of earthquakes to fi l i ts ; ~r ; I - . i cycli n -i $

Lake Mead , Few recognized the former to be a tot al - :- rosa

phenomenon , the latter an effective—stress he-cam- n ; - u .

and Cough (1973) perpetrated the misconcept ion with t l. - i r

computation of shear stress beneath Kariba Lake. Ano h e r

reason for dubious reception of the effective-stro m; conen -pt is

that many still feel that basement r ocks are i ;n} ’ en’ ’ i o u s.  Y e a r s

ago , Secor (1965) showed that fractures owe t h e i r  p e r n i s t  once

with depth , to several km , to pore-pressure acting in them .

Because water is known in m i n e s  at l eas t  3.2 km d e e p ,  and f o r

other reasons , geological and seismolog ical , it is apparent that

shallow earthquakes occur in water-saturated rock , even if

porosity is minute. The pore—pressure cnanqe at several km

below a reservoir is a function of the heterogeneity modifyir . ;

the potential-distribution system . But , as exp lained on page

12 and F i g u r e  2 of the report , an average condition , especially

for rocks whose princi ple conductivity is in planes across the

reservoir axis , is a symmetric flow system with half the reservoir

po t e n t i a l  ( t h u s  p r e s s u r e)  change expected  at  the  b o t t o m  of t h e

I low system.

As shown by Boussinesq, or more effectively by N ewmark ,

stress on a finite surface area is rapidly attenuated with

depth and distance away. The dead-weight of a reservoir has

an effect that may readilly computed by superpositon of

numerous point—loads representinq elements o f t h e  w ’i t n er  bod y,

as did Gough and C o u g h .  For an i nt i n i te ~~y e x t e n si v e  reservoir
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of u n i f o r - n i  d e p t h , the stress (vert (cal) equals I (A-

p r e s s u r e .  A r e s e r v o i r  s~~read thrsu ’;hout a w a t  n - r ; b -a by i t  s

m a in - :  tributary arms w o u l d  ( n u - e - a s i mi l a r  a v e r ag e d  et  c-c t  u l

depths at several k m .  In this e x r ’r e  r a e , t i n  - total rero- rvm ; r

volume was ~ ssuni ;ed  spread over  t he  - - ;u t n : r s h e d  , and 1e-u;—;- ~e m in t

load ing  was thus computed as 4 it 01 w a t e r , i.e. 2 psi coIm p r -:;slon .

Clearly, it is more beneath the de e p  end of the  r e - n n c n r ’ , - ,i r , a n n :

less under divides. Earthquakes may take p lace where there is

the gr e a t e s t  decrease of e f f e c t i v e  s t r e s s , ~is we l l  d e m o n s t r a t c - t

by the d i s t r i b u t i o n  of ep icen te r s  a r o u n d  i l s i n f e n e nk i a n g  (Ac- sc-rvm ir

China  ( C h u n g - k a ng ,  1 9 7 4 ) .  Shaped l i k e  a b o t t l e , the  r e s e r v o i r

has  two narrow canyon reaches separated by a larnm- flooded valley.

Because the dead-weight compression is small under tine c a n y o n

reaci’es, quakes have been concentrated there , w h e r ea s  t h e  r - : c - i u h t

of the  large  water  body cancel led  the p o r e — p r e s s u r e  e f f e c t  ninel n -n

it.

3. This seems a valid statement , depending upon topograp hy .

4. In this paragraph are statements suggesting some

chronologica l  c o n f u s i o n . The magne t i c  s t r a t i g r a p h y  of the

A t l a n t i c  s ea - f l oo r  vo l can i c s  do show at least hundreds of miles

of continental drifting since mid-Cretaceous. There has been

recorded only compression tectonics (thrusting) s ince  that time .

To be sure , changes in horizontal stress m a y  we-il have taken

place d u r i ng drifting . There could have been p er i o d s of sub-

critical stress by processes related to the d r i l t i n n i , chanqes

of base shear or resistance elsewhere. ‘
~-,hen a t e n d e ncy  for

increased stress arose , it had to produce t ail ur e and t h n i s

remained limited by the strength of the  t a u l t ed  er n s t .  The
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relacations recorded by t u e  ‘I’riasaic qrabens proceeded t (a-

post—Cretaceous period of interest. There is :r good s ;r i t i q r a p ini c

record of T e r t i a r y  e v o l u t i o n , and it appears to hj,o (jn- -n

continuously like the early-Tertiary, when there was cunpr c-ss iOnai

faulting .

- 
- Dr. ~ n initzsky repeats the belief that one should start

with assumptions about the current state of stress , and then
-S.--

analyze the effect of the reservoir. This has alread y been done

(as illustrated by pre- and post-reservoir stress states in

— Fi gure 4) . This is a less powerful analysis than one which

also examir ~ S the  la te  h i s to r i c  changes fo r  evidence of con t inu ed

criticallity , or development of a threshold of safety. A well—

thought-out program of insitu stress measurement will eventually

be war ran ted f or some re servoir s, but the cost will be two to

$ three orders of magnitude beyond the present study.

5. The reviewer states that Dr. Snow places a hinge line at

the boundary of the Coastal Plain. Quite the contrary, no such

hinge nor assumed position was used . The unconforniities shown

beneath the Coastal Plain are in their present positions , bas e-h

on well data , and their prolongations are shown d a nh e ~i over the

Piedmont. The basement must have tilted as a unit , not bent

at the Fall Line , for the volumes of cut and fill, averaged

over the A t l a n t i c  seaboard , must be nearly balanced . Contrary

- - -: to the casual theory that hinge lines move outward towards rhe

continent as a basin subsides , it is apparent that the shore-line ,

a better demarcation than a ‘hinue ” , moved first landward from

Cretaceous to Kocene time , since the continental Tuscaloosa beds

- 
$ were onlipp oc: by estuarine and neritic Eocene beds , as shown .
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No; e that t he  in t ,aj- rio - c; ion of tine - ( anne- 01 t n Tu ; r , r loona

( n r o l o n - ; e U )  w i t h  the  base at  the i ;i Lenten lies 25 m i les r u b s - n -

a t  t h e  V a i l  L i n e .  The base  of  t b -  C o n q i r e n -  inters ectS ‘h r F J l n  - ‘on

10 n u b - n i  f u r t  icr  e a s t ;  t Ine base of the ~-Ic (Acan rnt ei sect s the

Co n - i - n m -c nearly 10 miles east of the 1-all Line . Clearly, the

o ,unnreli n e nas p m n s ~-e saivel y shifted seaward , even to the close of

tn ~,- t-iiestocenc . No matter , the important thing in this project

is the corrn -c t representation of uplif t , fo r  w h i c h  Figure 5

sun icas if modest precinion is all that is needed for qualitat i.e

C ,rrectness .

6. Reasons f o r  p r e f e r r i n g  a t h r u s t - f au l t  model f o r  the

eu ssell area have been enumerated already, in the r e p or t  and

;‘ i : - b : n t t a l .  The ob jec t i on ra ised in p a r a g r a p h , 6 , t ha t  C la rk

11111 microoarrhquakes indicate normal faulting , is , of coarse

debatable. Talwani’ s interpretations are inconsistent and

tentative . It ir illic,jitimate to subdivide arbitraril y a scatter—

di a—n ram of compressional and tensional axis from a small

number of events i n t o  two d i f f e r e n t  mechanisms . The w r i t e r ’ s

f e e i ~~ng on that interpretation has been borne Out by Dr.

M a u i  ice Ma j o r , bu t the  seismolog~~ts on the Board may have oth e r

v i e w s , better founded . There are Tertiary thrust faults ,

anticlinal folds and compressional insitu tests and focal—p lane

mechanisms as evidence for high horizontal stresses. There are

noknown n o r m a l  f a u l ts nor other evidence of extension. The

Biue Ridge Front is a very debatable normal fault-line scarp.

7. No comment is made on this correct statement.

8. P a r a g r a p h  8 is in agreement with the report. All

earthquakes not related to volcanism are probably due to

A pp en ix I
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regional  t e c toni sm , i r i c l u d  i n  reserve r — - r i g - p - mr-ni 5 5 ’ ’ c - f l t  .n and

swarms. The McCormick swarm ( 1 /  I n u r e  bee ;; i n i d e - p e m n i r  - l i t  -0  i i i

reservoir , or just as wel l , it s Occu rrenc e- , otts -;w ise m cvi t rUle ,

may have been s t in - u l a t e d  by i nc reased  l ame p r e n : n : u r ’ -s t o  t - I K O  lace

sooner , or closer to t h e -  reservoir. S inni lax ar -iumi ;e-nts m a y

pe r t a in  to the A i~ u st  1 , 1975 quake near ro vil l e nin servo ir

in California . It~ normal fault is  p r o p o l a t i n ;  now , t u w a r d s

the  r e s e r v o i r , but  i ts  i n c e p t i o n ,  8 y e a r s  a f t e r  f i l l i n i , m a y

also have been modified by the regional i’iezometm ic ~

A ‘ hot spot” is a notion consistent w ith the idea on a rock

mas s stressed to the  I i r it  of st r c in - - ; t h  o f  n nu Jr ° bound inp ; laner

structures. Within such boundariec , there w i l l  be a nonu rrt orm

stress field whose small stress range is dic ta te-nJ by fault

orientation , continuity, fillin g materials , rouqhness , as-~~ el1

as the history of failure releases —nith such ue- taileu por n--

pressure effects as result from varied diia ta tic-n s and

hydrodynarnic recovery processes.

9. Pa rag raph  9 is a t rue  comme n t .

10. The analogy of the crust to a glacier has its tna -rit s ,

as well as some objectionable features. A more plrs tm ..

asthenosphere is distinct from the bm nttl e , shal l-a w ctust whom .

quakes of interest have their focus. Put to h a v e  n r o r i z o n t a l

tension coexisting with compression is hard tn envision. There

is no relative motion of the Southern App ainician crust w i t h

respect to other nearby plate elements. i n t i n  ui-n ; e r , cn at ma or

fault movement since Miocene , at the 1ates~~, i t . looks us t houg h

the  P i edmon t  moves as a bod y .  G l a c i a l  cr av a ss es  t c r r n  by

flexure at ice—fails and by drag against walls. l urt in er ,

A p p e n d i x
2 ’ ‘f 31)
Sen t 1 ) 11  -

. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _  -



- 2 6 —

gravity drives glaciers , whereas co-it inents are di iven by mantle

convection , and compression is transmitted throug h the crust far

from the Site of manic shear.

11. There  is room for henl t in y stieculation , such as

paragraphs 10 and 11 contain , to exp lain the observed “hot spots ” .

Neither exp lanatior~ of Krinitzsky or Snow , is going to be resolved

r i gh t away .

12. One consequence common to both models is mentioned here.

Krinitzsk y sees the maximum quake limited by the dispersal of

n o t i o n  a long a zone of r e l at i v e  m o v e m e n t .  I n  Snow ’ s model ,

luake magnitude may be limited by the stress threshold attainable

b y n m i u l i ca l ly .  In bo th , the scale of h e t e r o g e n e i t i e s  m a y  govern

: i a - i n i t u u e n :  if the  rock  is minutely segmented by faults , perhaps

acco rd ing  to it s  age or i t s  pr io r  e x p e r i e n c e, a c r i t i c a l l y — s t re s s ed

volume r;u\- not attain sufficiant size , f a u l t  area or volume f o r

l a rg e  ene rgy  r e l ease .

13. An noted , such nuances are beyond present capabilities;

a l l  t h a t  the  w r i t e r  has ever c la imed is a c r i t e r i o n  of f a i l u r e

vs non—failure. It says nothing about  the  s e v e r i t y .

t hough it is not obvious , the mechanism of stress decrease

by reservoir filling works also for normal faulting . Recognizing

the  w e a k  p o s s ib l i ty  of norma l faulting , i t  was p romised  on page

25 on the report , that the normal-fault alternative would be

a n a l y z e d . F a i l i n g  to i n c l u d e  i t  in the  repor t , i t  is here  appended :

In  n o r m a l  l a u 1t i n c~ 0 1 is vertical , S
3 

horizontal. Since

vertical stresses change more than do horizontal , a stress circle

shrinks as it shifts to the lett. Whether or not it moves closer

or far ther from the envelope depend s upon the slope ,

Appen dix 1
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It

/ t a ~~s ; /  
-

it moves t o w a r d s  f a i l u r e  upon b e c r e a s r d  s t r e s s .  N i  th  -t JO

and the c i r c l e  t a n g e n t , ;~~ “

is the failurm criterion; . As table I sinews , f r o m  m i d — C r e t a e o u s

(s t ep  1) to end— N iocene  ( s t ep  4 ) ,  t u
3 / ~~~1 = .665 , so continu e- .n

normal faulting would have occurred (there is no evidence for it).

There is a suggestion , I ron clastic dikes in the Coastal

P l a i n s , that there was Mio—Pliocene (?) sc-ismicitv . From that

time to the present ~~~ = — 8 ., Au 3 = ÷10., so the c r i te r i o n

fails , meaning , there is not good reason to expect normal faulting

today i f  s t ress  had been released by f a i l u r e  in the Piocene.

The f i l l i n g  of the reservoir , over rock currentl y failing

by normal faulting , as favored by Dr. Krinitzsky, g iv~~ : ‘~~ -25.,

= -26., so failure would be induced , not inhitnited .

14. In this pregnant paragraph , Dr. Krinitzsk y objects

to tun e wording , “There is scant ev idence  (excep t  I < oyn a )  t h a t

the  m a x i m u m  probable  q u a k e  may exceed the expectation of natural

events  , claiming that on the basis of Dr. Veow ’ s report ,

there is no evidence , rathec than “ scant ” .

The analysis of data from the site in nlues tifln , the Piedmont

and adjacent provinces , y ields no evidence , that is true , but

the Koyna experience is still valid and pertinen t. Lacking

theory and data to c o n t r id i c t  the p o s s i b i l t y  t h a t  an u n u s u a l

q u a k e , l ike the C h a r l e s t o n  event of 1886 , could be induced by a

new reservoir , such as R.B. Russell , there must be allowance

t un ic  f o r  se ismic  events  beyond the  r ea lm  of ev e n t s  an t  i c l u at  c t
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only from pre—reservoir statistics.

It is the writer ’ s belief that the chances of an unusual

induced  ev ent are small. We live with , and design within such

hazards. A flood that would overtop the R.B . Russell embankments ,

for instance , is accepted as a possibility, reasonably well

evalua ted  by a body of h y d r o l o g i c  s t a t i s t i c s .  For an u n u s u a l

induced se i smic  event , we have poor s t a t i s t i c s .  Only  one known

reservoir among many hundreds in the world has done th-~ t , and

four on the Savannah have had little seismic response. But

that small hazard must be recognized by all concerned , evaluate-b

and place-din proper prospective. It cannot be swept under the rug .

The writer subscribed to adoption of a magnitude 5.5 quake

at the damsite because it was a very positive , conservation desi gn

precedent. It is the first time that a major U.S . design agency

has t r a n s l a t e d  to the  damsite the maximum regional quake that

would have occurr ed elsewhere bu t f o r  the p o s s i b i l i t y  of

reservoir-induced seismicity of doubtful character. Because of

the conservatism so built into the design earthquake , the w r i t e r

feels that prudence does not demand adoption of a nearby quake

in access of M = 5.5.

15. Dr .  K r in i t z s k y  concludes , in concert w i t h  his  co l l eagues ,

that the report is technically deficient . It is obvious that

the deficiency is that it reaches two conclusions unpalatable to

the Corps of Eng ineers: 1) Richard B. Russell Reservoir embodies

circumstances that could generate induced earthquakes , and 2~

that there is a possibility, however small , that the maximum

quake generated may exceed the maximum natural events. The

writer was commissioned to use the most advanced art to review
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and speculate upon the processes affecting induced seismicity

iii  t h a t  portion of t h e  Piedmont. The report wan written with

the aid of the most advanced techniques , since the s-xiter is the

principle originator of the art; indeed the art was improv~ J in

the process of work in the Russell project.

It is pointed out that the original verbal contract assured

the writer of the services of a Savannah District geolog ist ,

who would work out the field relationships needed for the

anal ysis , especially the geomorphic evolution. With the help

assured , agreement was reached for $3000 compensation for all

aspects or the report. It developed that the geologist , William

Hancock , was assigned other duties , so could not do the writer ’s

bidding , nor could Dr. Lutton , who was so requested . Upon

lodgemen t of a complaint , the writer was told by Dr. Krinitzsky

to “make some simpl i f ying assumptions and proceed with the

analysis ” . Unwilling to compromise on quality of workmanship,

the writer worked essentially full-time from September through

December . The f ield and litera ture work ut i l i zed all ava ilable

time until November 18 , 1976 , and af f orded only a month for

analysis and report preparation. It is estimated that $13 ,000

worth of time , materials and hired help went into the report ,

without substantial remuneration except the $3000 , plus about

$1000 conveyed as preparation for board meetings.

The report is not def icient f rom neglec t nor appl ied

expertise. Its technical soundness will stand up to scrutiny

of unbiased peers.
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Geolog ic Repor t on The Modoc Fault Zone ,
- South Carolina and Georgia.
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10 Novemb er 1976

GEOLOGIC REPORT ON THE MODOC FAUL T ZONE ,
SOUTH CAROLINA AND GEORGI A

1. SUBJECT: Field Studies Along ti_ne Mouoc Fault Zone of South Carolina
and Georgia

2 .  DATE OF STUDY: 5 — 1 6  August 1976

3. PURPOSE OF INVESTIGATION: (1) Field evaluation study of thun t u c t o f l i c
history of Zone (2) Examination of local elements in the structural

-
‘ 

geology and faulting, and (3) Assessment of the evidence for octive faults!
f au l t i ng .

— 1 4 .  PERSON MAKING FIELD STUDY :

~ li Wil l iam E.  Hancock , Geo logist , SASEN— FG

5. PERSONS CONTACTED IN REGARD TO OUTS IDE IN FORMATION :

Timothy Long, GA Technical Institute , 18 September 1976
David Howell , State Development Board , 12 September 1976
William Perkle , Akin Campus , University of South Carolina , 13 September 197~

6. OBSERVATIONS:

a. Detail mapping and transect was utilized in s tud y ing,  examining and
assessing the Zone. Figure 1 locates areas where detail and transect obser-
vations were made . The study was conducted during the continuous period of
5—12 August 1976. Further work was accomplished during September and Octcb r
1976. Outcrop and road lines were walked , and shoreline exposure was examined
from the lakeside by boat. Contacts shown on detail maps were placed by
walking the ground .

b. Contacts are extended to sections examined by transect study by pro—
j ec t ion . Location of contacts  in t ransect  studies are from outcrops and road—
cuts , or by interpolation between outcrops .

4
c . The results of detailed reconnaissance and mapping are shown in F i g ur a  2 .

d. As shown on the map, rocks of m e  Modoc Zone can be grouped into Low
and High Rank metamorphic grades. These correspond to the Slate Belt rocks
of South Carolina , the Charlotte Belt , Kiokee Belt rocks of Georg ia and South
Carolina respectivel y. Intruded into these groups are younger multi—espleo dic
granite intrusions commonly adamellite in composition.

A pp 3
I of l h
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FIGURE 1 lo cat Ion map of the det il I and transect study performed on the
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e. The Low Rank group rocks consist of sericitic phyllite , argillite ,
quartz—sericite schist , and quartz—sericite gneiss. These rocks are of
upper greenschist metamorphic grade. Transition Into the High Rank group
rocks are lithologies of “Button” mica schist , mica schists with amphiho-
lites and sericite muscovite schist mixed with some chl ori tiu mafi: sclilsts .
These transition rocks vary from quartz — plagioclase , hiotite almandite
facies assemblages to staurolite subfacies of epidote—amp hibolite facies.

f. The High Rank group rocks are granitic gneiss and metamorphosed
ultramafic and mafic rocks. Granitic gneisses include biotite granitic
gneiss and quartz feldspar gneiss. Minor amounts of hornblende and quart—
zite are present . Quartzo—feldspathic assemblages are quartz—microline—
plagioclase—biotite—muscovite of the staurolite quartz subfacies. Basic
assemblages are hornblende—p lagioclase—almandine--epidotc or hornblende-
plagioclase—epidote of the staurolite quartz subfacies. Metamorphosed
ultramafics have diagnostic serpentine , talc , and minor enstatite. Some
of the niafjc and ultramafjc bodies show evidence of retrogressive metamor-
phism . Granite bodies are generally adamellite. These bodies are imp laced
during at least two different episodes. Older granites have undergone some
epidote alteration and have minor citaclastic texture . The younger granites
are not as severely crushed .

g. Granites, gneiss and schists described above make up the Modoc Fault
Zone. They are present as tabular to elongated bodies. Foliation and bedding,
where observable , strike N55E to N68E dipping steeply either to the SE or NW .
Metamorphic grade sharply increases across the zone from low grade to the
northwest to high grade to the southeast. Rocks of the Kiokee Belt are of
high grades.

h. Figure 3 summarizes the structural relationships. Three hundred
structural measurements were taken in 75 localities throughout the zone .
One hundred—seventy five joint measuren~ents are analyzed . These measurements
are from observations along the South Carolina Clark Hill shores from Parks—
yu le to Scotts Ferry and inland . Preferred orientations include N—S , N60W ,
N3OW and N6OW trends ; all joints are steeply dipping . 1500 joint measurements
are compared with 1254 measurements of topographic lineaments and 419 stream
trends within the seven county region surroundinc1 the Little River Arm of
Clark Hill Reservoir (see Figure 4). Figures 5, 6, and 7 show that joints and
foliation strongly control drainage patterns . Lineaments have maxima at N20—35°W
and N35—65°E, probably reflecting folds , major rock boundaries , dike concentra-
tions and to lesser extent joint systems following folds. One hundred—seventy
lineations and axial traces suggest foldi.n~ trends of S45W and N45E at 1O°N
plunge. Populations of joints at N20—40W probably are extension joints resulting
from folding and compression ; commonly these joints do not offset planor
structures (e.g. gneissosity). Shear joints of N—S orientation and vertical di p
and N6OW of steep dip also are present. These joints have offsets up to 6 inches.
Figure 8 is an idealized cross section thru the stud y area .
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ROSE DIAGRAMS OF TOPO GRj~PHtC
- - UNEAMENTS BORDERING THE SAVANNAH

RIVE R AREA OF THE GEORGIA PIEDMONT

1254 LINEAMENTS

ARE A ONE AREA TWO
274 LINEAMENTS 328 LINEAMENTS

ARE A THREE ARE A FOUR
174 LINEAMENTS 478 LINEAMENTS

Figure 6
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SA SEN —FC 10 November 1976

i. The Nodoc Fault Zone has been questionably linked to recent earth—

~1uake activity by Howell and others. (See trip report dated 20 July 76 ,
SASEN—i -’r~, ~ler~orandum for Record) . Long and Denman in 1973 and 1974 con—
dueta’d seismic surveys in the Little River Arm of the Clark Hill Reservoir
(CH RA ) . Eighty-’five days of low noise recordings were obtained with nine
events ~ t natural origin occurring within 20 km of the Modoc Zone . Long
concluded , based on his studies , that the suggested active status of the
old fault in the CHRA is not firmly establighed . See Guidebook 16, Georg ia
Geo~ogica1 Society. Long has agreed that an appropriate fault type and depth
for earthquakes generated in the present Piedmont stress regime would be re-
versed faulting and normal faulting at from 0—8 km depth. See Memorandum
for Record dated 19 October 1976. Moreover , it is now generally accepted
that extensional and compressional couples have shifted dramatically from
w h a t  was  present during the Appalachian origin . Geologically recent features
since tire Jurassic suggest the Piedmont is subjected to NNE tension and E—W
c o m p r e s s i o n .

j .  The general trend of the Modoc Fault Zone is N68°E. Ductile folded
mvlonitic zones have been associated with slip—strike faults by investigators
in the past ; however , no evidence from slip—strike faulting was found in field
studies along the strike of this zone. One brittle failure in the crestal
parts of an an t i cl i ne  was found in the Modoc Fault Zone (see Figure 3) .  This
produced a th~ ust f a u l t  of a 3 mile ler~gth whose fau l t  line str ike was N7 I E
and d i pped 42 SE.  L inea t ion  of slickensides indicated movement along N4O °W
from the horizontal was 430 This movement is consistent with the Paleozoic
Appalachian orogin.

k. No evidence of recent ground rupture or geomorphic features char—
.a / ’teristic of geologically recent surface faulting are present .

1. No other i~aults were found or Identified . Offset in rock structure
along joints was always less than 6 inches and are thought to be related to
shear joints of Paleozoic age. No evidence of recent activity along joint
planes s~’-rs fo und .

7. CONCLIJSLON :

The Modoc Fault is best described as a ductile Mylonitic Zone. Anc ient
Paleozoic features are seen throughout the ZOne. No recent evidence of
movement was observed. Only minor microseismic disturbance is found presently
in the zone . (See Figure 9 , 10 .)

8. RECOMMENDATIONS:

Further study of the zone should be conducted when and if a Design
Earthquake and Hazard Risk Analysis is to be conducted for Clark Hill Recervoir.
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SASEN—FG 10 November 1976

This study could include a one year tripartite microseismic monitoring
program , age dating of the most recent demonstratahie movement and
estäbIii~hment of the cataclastic

gradient by a series of thin section
analysis across the feature .

10 m d  WILLIAM E. HANCOCK
as Geology Section
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SASEN-EG 31 August 1976

SUBJECT : Ir p  Report to t’loci,c c , South Caro lina

‘- h i i M D ! - ~’ \ N D J M  FOR R E C O R D

1 . 3A1[: 20 Ja~l~ 1976

2. PURPOSE : To inspect and evaluate the proposed Modoc fault zone lo-
cated east of Clark H i l l  Reservoir and assess its relationshi p in the seis—
m i c  risk study and desi gn earth quake for Richard B. Ru sse l l ,

3. PERSON MAK ING T R I P :

~Ii l l i a m  E. Hancock , Geolog ist , SASEN—FG

4 . PERSON CONTACTED:

Dav i d How e l l , Geolog ist , State of South Carolina Developmen t Board

5. OBSERVATIONS:

a H o w e l l  and Pirck le , representing the State Developn~~nt Board ,
proposed the existence of the fault in 1973. Low l evel se i smi c vent s ~r (Note 1 )
identif i ed with the fault zone include Clark Hi l l  Events , Col umb i a , Ed ge—
field , Modoc a n d McB ea . W ith the exception of the Clark Hi l l  events ,
these ep icenters general ly occur in excess of 18 m i les from the dam (Clark
H i  fl .

b . THe expression of the Modoc fault zone in the vicinity of Clark
H i l l  on the South Carolina side is found in field expression of:

(1) A westward increasin g metamorphic gradient within the Carolina
Slate Be lt rocks. G reen schist at ParksvHle - Amph i bofl te a t B e i g r a v e
Bap ’i st Church .

(2) A westward increasing deformational gradient , from an und i s—
t ’ ,irbed meta a~~q e l lite at Parks field to blasto myfon itic gne iss at tlodoc

~arnp 8.

The fault zone as observed along Clark H i l l  Reservoir s similar
i n  n a t u r e  to t h e  Brevard throug ho ut Georg ia , Sou th C a r o l i na and No rt h
C a r o l i n a , a nd the  Goat  Rock and Towa l ig. f a u l t  zones i n  A l a b a m a  and
Georg ia . The zone a r o u n d  Modoc s of l e s s e r  e x t e n t  tha n the above , about
one mile wide at i t s  location at Clark H i l l . T,,ere was no ground evidence
to assess its capability at the observed positions. The proponents of (Note 2)
t his zone wish now to connect the Modoc with the Goat Rock Fault and Lake
Murr ,’ frac ture . This w i l l  enable them to propose a length from Virg inia
to t h e  ca -s lap at the southeast term inus of the Piedmont .

I . Howell and Pirck l e propose this relations hi p, Per. Corn.

-
~ Note 2. H aj - ,’,ae l I (1976) , 

~~~ 
Structur al Features of South Ca rol na, 

200—201
A p i 3  Ceo l . Soc . of Americ a Abs. with Programs , Vol 8 , No. 2, pages
I . e - 16
S. ’ a ’t ion A
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SA S E N — F G  3 1 A u g u ’ - t 1976
S U B J E C T :  T r i p R e p o r t  to Modoc , Sou th  Caro l m a

6. C O N C L U S I O N S :

a . A B r eva rd  ty pe zone of c a t a cl a s t i c  rocks e x i s t  eas t  of C l a r k  H i l l
darn s i t e .

b . Its capability for Earth quake generation can p r e s e n t l y  be accessed
onl y on related hist oric earth quakes fall ing on its trace.

c. There is no field evidence of recent movements at known outcrop~
.

ing l ocations.

d. Observations - Triassic diabase dikes cut across bedd ing and li nea—
tion at the site on Clark H i l l .  Theref ore , this fault Zone is presentl y
termed a Pa l eozoic fault with di p sl i p and strike sli p component~ of move-
ments demonstratable along sections which can be related to the Clark Hi l l
exposures. The fault can be considered to possess a near cr itical remnant
stress field with a possi ble additive factor due to isostatic rebound of
the Piedmont. As such , l ow levels of se ism icity can be expected and are
historically demonstratable along its geograp hic position . (i .e. McBea , 1959
Oc t 6 lo—V I , Batesburg 22 Sep 68 10— .lV) .
7. RECOMMENDATIONS:

a~ Ten (1 0) day field stud y of the zone . Limi t  of geography would be
that wh i ch falls within the 50 m ile radius of the Richard B . Russell study.

b . A period of m onitoring for microseismic ity on the zone around
Clark H i l l .

c. Renew stud y, possibly with f nanc ia l contribution to outside in-
vesti gators when the Clark H i l l  Darn is subject to a seismic risk study.

C /
V - -~ F ’  / , ‘ /‘( / I ( / j  I - -

W I L L I A M  E. H A N C O C K
Geology Section
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G E O L O G I C  REPORT OF THE AREA I N  THE W E S T E R N  PORT I ONS
OF THE PROPOSED R I C H A R D  B . RUSSELL LAKE

I . The subject of this report is The Geolo gical Hazards and Se i smic Ri sk
Studies in the Northwestern Portions of the Propos ed Richard B . Russe ll Lake .

2. This report is the result of studie s conducted during periods 1 October
th ru 10 November 1976.

3. Persons making the stud y were Wi l l  am E. Ha ncock , Geolog ist. , SASEN-FG
and Daniel Waltz , H y d r o l o g ist , SASEN-FG .

4. The followi ny persons were contacted for outside info rmation :

V i l l ar d G r i f f i n , Professor of Geology, Clemso n Un i versity
Dav i d Howel l , Geo l og ist , South Ca rolina State Development Board

5. Comments and observations resulting from the study follow:

a, The f i e l d  s tu d y of geolog ic hazards and faulting was conducted during
a period of six weeks in the Vai l of 1976. Specific site studies such as
Patt erson Branch and Richa rd B . Russell Dam site are subjects of separate
report. This study covers a land area from Hartwe ll Dam southeastward to
P a r k s v i l l e , South Carolina and is restricted to counties adjacent to the
Savannah River in thL state of South Carolina. The study was conducted in
reanmaissance fashion ~‘iith detail mapp ing conducted onl y along t”ie South
Caro l ina shores of Clark H i l l  Lake. Excellent geolog ic coverage was ava lab le
from the work of Dr. V iii a r d (riff in between areas of Hartwe il Lake and
McCo rmick County in South Carol ina . These geologic maps were used at face
value. Field checking of major geolog ic structures and faults were con-
d uc ted when th eir l oca t io n f e l l  i n c lose  p rox i m ity to R u s s e l l  Da m . Fi gure I
l ocates work done during the l a l l  of 1 976.

b . Fi gur e 2 shows the genera l  geology of the s tu dy a rea . The geolo gy
rep rese nt ed i s d rawn h e a v i l y f rom the mapp in g done b y H. Johnson in Ed gef i e l d
and McCormick f,ounties, W il l i a m  Hancock in Clark H i l l  area and McCo rmick Counties
and the befo re mentioned Vi l la r d  Griffin .

c. See accompany ing map fo r l it ho l og ic description .

ci . The litholo gy can be divided into 3 belts. These belts are the State
Belt rocks of Caro l m a , the Charlotte Belt and the Inner °iedrnont. fletamorp h ic
rank is the distinguishing field characteristic used .

App 3
1 a t f  4
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e. Commonl y, the strati grap hy is ordered from the oldest Inner
Piedmon t to t u e younger overl y ing Charlotte to the s t i l l  younger Slate
Belt rocks. Th is strati graph y gener ally ranges in aqe throughout

~a !eozoic time .

F . Comp lex structure is seen in con i ca l and cy li ndro i dal foldin g
of mesoscop ic and reg ional scale . Zones of shear are presen t and are
noted on the geolog ic map Fi gu re 2. Most consp icuous shear features are
found in the Low,idesville Be lt . This zone divides the granitoid gneiss
of t he  Char lot Le a elt from the schistotic and mi gmat itic Inner Piedmont.
The Lowndesville Zone is s i m ilar to the Brevard and Modoc Zone.

g. Outside of the Patterson Branch Fault and the Diversion Channel
Fault , no large scale faulting was found, The above faults are subjects
of separate memorandum and discussion . Multip le small faults are found
hut are of limited ground extent and consequence . No evidence of recent

~~;es :ent car: any fault investi gated was found . Geologist contacted in
t (2 state of South Carol m a  reported that they have found no evidence of
recent movement in faults uncovered in their investi gations.

6. CONCLUS IONS :

N e stud y presented in this report found no geclog ic hazard or active
faulting in the area investigated . Th e scope of th e s tud y is felt to
be adequate when viewed in the context of the intensive investi ga t io n s
of other investi gators.
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V I~ an effort to determ i ne if there we re any faults in the area of the

proposed Richard B. Russell Dam that mi ght be related to seismic activity,

a s t ud y was made of an enlargement of a photograph which was taken on 30

November 1973 by Sky lab 4. The photograp h covers an area 90 by 90 miles.

The Savannah River is running down the central part of the photograp h ,

the Hartwe ll Reservoir at the top , and the city of Augusta at the bottom . At

the eastern edge of the photograp h is lake Greenwood - in South Carolina ,

and at the western edge is lake Sinclair , in Georg ia. Interstate hi ghway

20 is seen r u n n i ng from the the  southeastern corner to the northwestern

corner of the photo.

The photograp h covers the Georg ia , and South Carolina Piedmont , and

Coastal Plains. The border between the Piedmont and Coastal Plain is marked

by a well defined dendritic drainage pattern to the southeast. This border

between the Piedmont and Coastal Plain closel y parallels a northeast-southwest

trending lineament wh i ch runs f rom approximatel y 10 miles east of Saluda ,

South Carolina to Lake Sinclair , north of Mi l led gevi l le , Georg ia. This

lineament on the South Carolina side of the river was pointed out by

Griffin 1 in a prev i ous Sky lab mission photograph. There are two other line—

aments that parallel this one , one just southwest of Saluda , South Carolina ,

and one about four (4) miles southeast of Greenwood , South Carolina.

There are two mo re lineaments running in an almost north-south direction;

one located about eig ht (8) miles north of Calhoun Falls , South Carolina ,

and the other about eig ht (8) miles north of Abbevil l e , South Carolina ,

G r i f f  i n , V i l l a r d  S. Jr ., G E O L O G I C  NOTES , Volume l8 , Number 2 , 1974 .
aa S ky lab Photograp h of t he  South Carolina Piedmont: A Preliminary A n a l y s i s ” A pp 3
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A stud y was also made of the same general area using a LANDSAT (ERTS)

pho to g r a p h. This pho tog rap h , which covers an area of 11 5 m i l e s  by 1 15 m i l e s  was

taken by LANDSAT -1 on 25 February 975. LANDSAT flies i n  a circular orbit

570 miles ( 920 km ) above the earth’ s surface and circles the earth every

103 m i n u t e s .

The  pho to g r a p h covers the Blue Rid ge province of N o r t h  Carolina to the

northwest , and the Piedmont area of Georg i a , and Sou th Carolina as for south

as the Clark H i l l  Reservoir .

The most st r i k i ng feature on the photograp h i s  the B r e v a r d  fault zone ,

wh i ch runs form G a i n s v i l l e , Georg ia in the south—west to the ~op c e n t r a l

pa rt of the photo. The Warwoman shear zone also shows up very clearly

trend ing north—eas t , crossing the Brevard fault zone near lake Jocassee .

There are numerous I i n e a m e n t s  between these two fault zones , including the

T a ll u l ah Falls Dome to the southeast.

There is a lineament , approx i ma tel y 40 miles alon g, abo ut 5 m i l e s  sout h

of G r e e n v i l l e , South Carolina that curves south-westward toward the Savannah

River. T t: j s I i neament intersects another that trends north-west , sou th-east

between Anderson, South Carolina and A b bevi ll e , South Carolina.

In the extr,/n e southeast of the pho tograp h cove rage  i s  a l i n e a m e n t that

trends southwest , northeast . This lineamen t also shows-up on the Sky l a b

pho to g r a p h mentioned above.

App I
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CONCLUSION

Because of the deep weathering and vast vegetative cover of the Piedmont

area , i t is d i f f i c u l t  to detect  the underl y i ng s t ruc t u r a l  f ea tu r e s  u s i ng the

LANDSAT , and Sky l a b  photograp hs. I t should be noted that for a more accurate

and de ta i l e d  a n a l ysis of the area , a s tud y should be made using the more

conven t i o n a l  1 : 2 0 ,000 sca l e , a e r i a l  pho tog rap hs.

I

I
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Stress History in Vincinity of Richard B Russell 10
Site

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~‘‘::~::~~~ .. 
~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ___



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SASEN—FG 7 September 1976

SUBJECT : Trip Report — Richard B. Russell Project

MEMO RANDUM FOR RECORD

(Deleted Portions of Memorandum Deal With Subject Matter Other Than That
Necessary for Consideration in This Study.)

1. DATE: 16—20 August 1976.

2. PURPOSE:

a. Investigate geologic s t ruc ture  extending through the diversion
channel between Stations 14+00 (riverward side) and Stat ion 21+75 ( land—
ward side) as reported by Construction Division on 11 Augus t .

b .  OMITTED .

3. PERSON MAKING TRiP:

Robert C. S tansf ie ld , EN—FG

4. PERSONS CONTACTED:

a. Corps of Engineers Personnel

( 1) Captain Melvin Lynch — Richard B. Russell Project
(2) Mr.  Bob Stephens — Richard B. Russell Project Geologist
(3) Dr . James Erwin — SM) Division Geologist
(4) Mr. Allen Platt — SAD — Chief , Construction Branch
(5) Mr . William Hancock — SASEN—FG — Geologist
(6) Mr. Jack Keeton — SASEM—FG — Geologist (Chief, Drill Crew)

b. Non—Corps of Engineers Personnel

(1) Mr. James Trammell — Southeastern Highway Contractors — Project Supt.
(2) Mr. Douglas Hudson — Gentry 6 Thompson , Inc . (Bridge Faubcontractor)
(3) Mr. Malcolm Vest — Davidson Mineral Properties
(4) Mr. James Voss — Gulf Oil Corp . ( D r i l l i n g  and Blasting Subcontractor)

5. SU ~~1ARY:

a. A sericite (mica) — feldspar dike , em~.- l a c e d  dong a Tr iassic  or p o s t —
Triassic age fau l t , s t r ikes across the divers ion channel  f rom 14+00 to 21+75.

A l l ) ~
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SUBJECT : T r i p R~~

V
~~~~~ ~~~ 

— Richard B . Russel l  Pro  j c-

l ’lie l v c r I g e  s t r ike  of the  d i k e  and f a u l t  is a p p r o x i m a t e ly N .  I D °E .  w i t h  a
wc~ terly di p of approximately 50 degrees from the horizontal. The l o c a t i o n
of the dike is shown on the attached plan view of the diversion channel.

b .  OMITTED .

6.  OBSERVATIONS:

a .  OMITTED.

b .  OMITTED .

c. OMITTED .

(1)  OMITTED.

~2)  OMITTED.

(3) OMITTED.

(4)  OMI TTED .

d . P~~[T U E D

e. OMITTED .

f .  ( i l  Inv e s t i gat ion of the geologic  s t r u c t u r e  in the diversion ch,’iniiel
e x c a v a t i o n  was made —It various times by me f rom the af ternoon of 16 Augus t
t h r u  the  morn ing  of 19 A u g u s t .  I was accompanied by Bob Stephens the
ar L a-rn r )c ,r l of 16 August , by William Hancock the afternoon of 17 August , and by a
James Erwin and Allen Platt on 18 August. By phone on the morning of 18
,‘sUa ’USL , I obtained the following petrographic and x—ray detraction analysis
results from Dr. James Neiheisel (SAD Lab) that he had just completed f o r  us
on samp le of the dike material : 60% feldspar (predominantly potassium feld-
spar) 39% sericite (mica), 1% magnetlte and a trace of kaolinite.

(2) The structure consists of a 2 to 6 foot thick , altered—feldspar
rich dike extending from the west sideslope of the Diversion Channel at a

Station 21+75 to the east sideslope at Station 14+00. Between approximate
Station 18+00 and 14+50, the feldspar dike was covered by overburden or
material disturbed by excavation operations and thcref ore could not be ob-
served in this  sect ion . The fe ldspar  dike dips wester ly  at  approximatel y
50 degrees f rom the horizontal and exhibite an average strike of N. 1O°E.

~ i tt ~~n the l im i ts  of  the Divers ion  Channel.  This average str i k e  is determined
fr - ri two rur -v eved loca t ions  on the  foo twa l l  of the  d ike : e l eva t ion  3 7 7 . 4  on
t h e  centerline at  Station 18+95 and elevation 387.7 at 107 feet right of the
centerline at Station 20+60. The ~ocal strike of the footwall of the dike at
approximate Stat ion 20+50 is N.  25 E. w ith  a westerly dip of 55 degrees; at
S t a t i o n  [8+95 the loca l  s t r i k e  is N .  8 E .  w i t h  a w e s t e r l y di p of 48 deg rees .
A pp  3
2 a t  2
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V S D B J E F :  T r i p R e p o r t  — R i c h a r d  B . Russell Pro j o  t

At i t s  e x p o s u r e  in the  c h a n n e l  sideslopes at  S t a t i o ns  21+ / 5  and 14+00 , the
dike is t r u n c a t e d  by overl y i n g  soil h o r i z o n s  a p p r o x i m a t e l y 4 l o t  in t l i i k —
ness .

(3) The 2 to 6 t o o t  t h i c k n e s s  of the  d i k e  is  e s t i m a te d  p r i m a r i l y  f r o m
i t s  exposure in the  s ides lopes , as e x c a v a t i o n  by d oz er  has r ern i aved  most  0! I t o
w id th  of the dike exposed elsewhere in the excavation . The c o u n t r y  rock on
both  sides of the  d ike  cons i s t s  of p o r p h y r i ti c  m e t a — d t i c i t e  and n o r th e a s te r l y
t r e n d i n g  m e t a— d i a b a s e  d i k e s .  However , the c o u n t r y  rock on t h e  w e s t e r l y s i de
of the  dike is deep ly wea the red  to s a p r ol i t e , whi le  Liii- c o u n t ry  r ( c ~ on t h e
e a s t e r ly side is weathered to a much lesser d e p t h .  At  t h e  t i m e  of t h i s  in-
spection, excavation on the westerl y side had progressed to within 15 to
20 fe e t  above inver t grade between a p p r o x i m a t e  S t a t i o n  19+50 and 1 8+00 .
This was as much as 40 fee t  deeper than  in the  ha rde r  c o u n t r y  rook on
the ea s t e r ly side of the  dike . Thus , the footwall of the  f e l d s p a r  d i k e  war
well exposed be tween  a p p r o x i m a t e  St a t i on  2 04-60 and 18+00 , a l t h o u g h  water
col lec ted  in the b o t t o m  of the  deeper e x c a v a t i o n .

(4)  The d i k e  rock encounte red  was f r i a b l e  or s o f t  to m o d e r a te ] - - b a i t ,
v e r y  f i n e  gra ined , and whi t e  colored or w h i t e  with a Li ght green  or p i nk  L j i l r y - .
The rock w i t h  the li gh t  green t inge  is genera l ly  m o d e r a t e ly h a r d .  A l l  t u e  d i k a -
rock is in tense ly j o i n t e d  w i t h  j o i n t s  e x t e n d i n g  in to  t i le  d ike  r o c k  f r o m  L ! i &
coun t ry  rock .  There is a f a i n t  f o l i a t i o n  pa r a l l e l  to the  f o o t w al l .  In some
areas , p lanes of m i n e r a l i z a t i o n, p robab ly  ep idote , commonl y occur  w i t h i n  i n c h e s
of (and pa ra l l e l  to) the f o o t w al l .  These m i n e r a li z e d  su r f ace s  are r e l a t i v e l y
smooth and in some ins tan ces , the mineralization exhibits a faint appearrnoe
of ver t ica l  p~~ral le l  l i n e a t i o n .  Manganese d i o x i d e  s ta i n i n g  of j o i n t  s u r f a c e s ,
and in to  the  dike rock i t se l f , is widespread . At two l o c a t i o n s  where  the
f o o t wa l l  con tac t  of the dike wi th  the country rock could be observed in c ross-
sect ion , and a long  the observed upper s u r f a c e  of the  f o o t w al l , the  c o n t a c t
appeared distinct w i t h  no visual evidence of b r e c c i a tio n  or separation.

(5)  The c o u n t r y  rock on both  sides of the feldspar dike consists
of the same type , porp h y r i t i c  m e t a — d a c i t e  cut  by near v e r t i c a l  m e t a— d i a b a s e
d ikes  t h a t  g e n e r a l l y  s t r i k e  n o r t h e a s t e r ly and a re  1 to 4 f ee t  in w i d t h .
(As a l r e a dy  descr ibed , the  rock on the wes t side of d ike  is wea the red  to
a much g rea te r  dep th  than  the rock on the eas t  s i d e . )  A t o t a l  of 4 of
these  m e t a — d i a b a se  d i k e s  were observed striking across the channel exca-
vation between approximate Station 21+50 and 18+00. However , none of
those neta—diabase dikes  cross the feldspar dike ; i.e. the meti—cl iabase
dikes are truncated at the f e l d s p a r  dike . Two of these m et a — d i i i n i s e -  d i k e s
enter the excavation from the west slope in the vicinity of Station 18+00
to 18+50. The other two meta—diabase dikes , entering from the east , trunc ;ita
at  t h e  feldspar dike ’s footwall at approximate Stations 21+50 and 20+10.
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Tu e foot wide na - t a — dj : t b a g e  eh ike  ( a t  approximate Station 21+50) a - onta - - L s
the  l o o t  - .-~~l l  of  t h e  f e l d s p a r  d i k e  in the  f i n a l  s1desIo~ e on t h e  w e a t  s i de
of the  c h a n n e l  . — \t  t h !  c o n t a c t  the  m et a — d i a b a s e  d ike  i~~p e a r -  t a  c u r v e  to
the  s o u t h  b y ih u t  to  4 f e e t ;  i . e .  the  d i t i b i s e  d ike  a p p e a r s  to h av e  been
i r - t i god to the sa~i i t l i  a t  t he  f o o t wa l l  c o n t a c t .

( h i  D r .  James E r w i n  i n spec ted  the  f e l d s p a r  d i k e  st r u e  I nra on
18 . \ i i g e i a  t and uncove red  several  smooth  s u r f a c e s  w i t h  iii Li a’ feldspar d i k e
m a t e r i a l  t h a t  were  l i gh t l y  s t r i a t e d  w i t h  v e r t i c a l  s t r ia t i o u s . j O e  s a i r t i a - a
w er e  or ie nt e d  p a r a l l e l  to the f o o t w al l  and were m o s t l y  l i a V a t e d  on t h e  ti i per
ca r t  i n  of the  f e e  twa 11 s lope be tween  S t a t i o n s  20+ 10 and 19+50. U h e - y  we r a-
w i t h i n  inches  of the  f e l dsp a r  dike — c o u n t r y  rock c o n t a c t .  D r .  E r w i n  a l a

d i s cov er e d  the  one foo t wide  m e t a — d i a b a s e  d ike  a t  a p p r o x i m a t e  S t a t i o n  20+10
and j o i n t e d  ou t  t h e  f o l l o w i n g  two f e a t u r e s  a s s o c i a t e d  w i t h  i t :  ( 1 )  a
pol ished s u r f - i r a  of  manganese  d i o x i d e  s t a i n i ng  on an exposed joint surt t i e

e or p ii vri tic — m e t a — d a c i t e -  rock a t  its contact with t u e  m e t a — d i a b ; se d i k e
nea r t h e  C l o t  s ides~~ope of the channe l excavation ( 2 )  numerous  s m a l l
slickoasided surfaces w i t h i n  wea the red  n ct a— d i a b a s e  d i k e  m a t e r i a l  at t o -

foca~ w i l 1  cont;i - t wi tit the f e l d s p a r  dike . (At th is footwall contact the
me-ta—diaba se was weathered r altered to a brown colored c la y—I ike m a t .  r m l
hav ing a firm to stiff consistency.) l~e also observed i f e a t u r e  c e a n s i s t —
ing of 4 c u r v i l i n e a r  r id ges on the  upper  p o r t i o n  of t h e  f o e tw a l l  slope a t
a p p r o x i m a t e  S t a t i o n  19+50. The r idges  were a pp r o x i m a t e l y 1/4 inch h i g h b y
I in c h  w i d e  and were spac ad  6 inches apart. They were a p p r o x i m a t e l y 3 l e ’~’t
in le n g t h and curved  upward , f rom an i m a g i n a r y  h o r i z o n ta l  l in e , a t  an
I v e r i ge ang le of approximately 30 degrees.

7 • r a )]~c~~f S I ONS

a. Tu e feldspar rich dike has apparently been emp laced along a fault
of fr iassic or Po it—Tria ssi age which had a lateral sli p component  of di-
rec tion . This is evidenced by the northeasterly trending meta—diabase
d i k e s  (generall y believed to be of Triassic age) being truncated by the
a-ld spar dike . The indIcat~ en of sou thward  drag  of the meta—diahase dike

at  S t a t  i°n 21-t M coiitd have r e s u l t e d  fr o m  a r i g h t  l a ter a l  sli p f a u l t .

b. No evid en ce was found  t ] - i i t  the f a u l t  is geolog i ca l l y young  or  a t i v e .
i b r i e i- a z en a --e we re  found an-I there is no topograp hic evidence at t h e  sit’-
of i i ’ i i t i n g  as m i g h t  0. found from an active fault. Also , the 4 f o o t  t h i c k
s o i l  h o r i z o n  shows no e v i d e n c e  of o f f s e t  and has taken a c o n s i d e r a b l e  p e r i o d
oF  tim e to form t h a t  thickness.

c .  The e v i h e n c a -  f o u n d  by Ot . Erwin  and r e p o r t e d  ii sub p a r ag r a p h 6.  f .  (6 )
above - ‘o t l l he ev~~~~i e n - e  of movement w i t h i n  t h e  f e l d s p a r  d i k e  a f t e r  i t s  em—
p lac’ - ni - itt -
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SUBJECT : Tri p R e p o r t  — R i c h a r d  B. Russell Project

RECOMME NDAT IONS :

a. OMI TTED.
V 

b .  OMLTT EI ) .

c.  When t h e  e x c a v a t i on  in the  D i v e r s i o n  Channel  is comp let e d  t o  gn a ie

along the  f e l d s p a r  d i k e  and f a u l t , E N — F G  sho u ld p e r f o r m  exp lor atory b r i n g s

and hyd rau l i c  p r e s s u r e  t e s t s  a long i t s  s t r i k e  in the  C h a nn e l .

d .  D r .  N c ih i e i s e l  (SAD Lab ) shou ld  p er s o n a l l y  a e l ec t  samp les o t  t t o

count ry  and dike rocks and soil overburden f u r  lab or a tory analyses in an

e f f o r t  to date the  dike and determine the strain history of the r o c k s .
(Dr . Neiheisel and E .  Ti tcomb have v i s i t e d  the p r o j e c t  in o r d er  to obtain
samples for such purposes and testing is current ly underway.)

3 m c i  ROBERT C. STANSFIELD
as G eo l o g y  S e c t i o n

CF:
SADEN—F
EN—FS
EN-CP , ATTN : Mr .  Harward
CD-S
CD—CO (2 copies — 1 copy f o r

R.  B.  Russel l  Field O f f i c e)
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a 
SUBJE CT : TBIP REPORT — Richard Russell Project

6. Conclusions & Recommendations :

a. Present indi cations are that the fault is inactive ; however , it must ia ’

studied in detail to confirm this inactivi ty .

b. The fault trends diagonally across the right earth embankment. The frac-

tured rock in the fault could serv e as a seepage conduit beneath the dam unl--t u nna

properly treated . The District should investigate thiu with borings while t h c

area is readily accessible and then make provisions for the necessary treatments.
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1 S.pt~~~sr 1974

~W~~I~XDUM TRRIJ DIUC~OR . SAD L.abo~atory

FOR: CIIIU P F 4 N Irench (ML)R9-1)

SUEJECT ; trip Kapor-t en Procur s.t of Rock and Soil S~~~~1.. Ira.
Divers Los ~~~nne1 • RiChard I. Iuasal,1 Project

1. PIec. sad Dste i Richa rd I. ~ sss.11 Project Site , vicinity of
Elbarton , Georgia on 25 sad 26 Augu st 1976 .

2. Pvrpose: Jaspect v.11 rock upo.ed La tb. central portion sad
backs of the diversion chaen.1 st Richard I. ~~s..L1 Project sod proosr.
orion t.d samples con~~s1vv t~ eveleatton of ~~~~~~~~ di rect loss and
stress history La the geoI.gic frs uork of the pr.j .ct irme.

3. Attendance Capt . Mel Lyach , Project ~~~ia.ecMr . Jack Keett n~ 3m~ m~~ mk Distriat
Mr. Earl Titc~~~ , 5a~~~~~~ Di-. t r’i c t
Pir . J in N.th.i..1 , $osth Atlan tic Divta ion Labo ra tory

4. Narr at iv

a. La recent time , partianlar att~~ t ios La being dir.ct .d to the
stres. histo ry is founda t tons of d struct ur es to assure that active
faults are not present and to d.tar.in e as elosaly as possible tb.
relative time of mevement and orien tation of former stresse s along
inacti ve stress iooes .

b. On th. after noon of 23 Au ast , the writer and Mr. J ack Eaet on
inspected visible stress zones Is th, diversion channel exposed by
r.csnt excavation. An or iented sample v.a taken at Station 1~ 4’ 40 on
th, right side of the diversion Ethaiwwl sLang a surface with * trend
N 10° & and dipping 45 d.gz’.es west. Several saiqi.. were also obtained
from Station 21 + 13 (right of centerline) along the lsndvard bank of
tb. divers ion chaen.l. These ~~~~1e were taken across a 5 foot alteration
zone sad selected port ton, of adjacent we 11 rock for composition castr ol
ana lysis .

c. Os the rniag of 24 August the writer and Mr. Earl Titcoob
Inspected the di’veswio. channel stre ss sans and c-~’ienta ted s~~~1es were
obta ined at Station 17 + 40 (righ t of centerline ) on the np.t rme side
of the diversios cheanmi and at Station 20 s• 95 (rig ht of centerl ine) as
the d~~~str a* of the diversion ehu.ael. Th. former bad a. orientation
of I 33° & str ik. sad 56° V dip sad th. letter bad an orientation of
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SUIJ CT i Tri p Import en Procurenent of Pock and Soil Samples from

Diversien ~~~~~~~~ Richar d I. Russell Project

1 30° E and 36° Vest dip. in addition, several jar samples were taken
is vicinity of tb. alt ered stress zone and adjacent v.11 rock to access
the resulting alterat ion based en the mineralogy of th. reck in the
affec ted son. mad adjaceat v.11 rock . An inspection wee also eade of
sores t.k en èur isg the exploration drilling phase of the proj ect and
three s~~~1es were obtained b.twesn 112.5 and 116.6 feet depth of Gore
1,1. DC-U vkich contained ev4de~~’. of the altered acne .

S. The s~~~l.s obtained fro. the Richard S. Russell Pr oject will be
aaalyzed at the South Atlantic Division Laboratory us ing X-ray diffr action
sad p.trogrspbic techniqus to correlate the orientation of microscopic
featu res with field e’wtdsnse and other investigative reports concerning
the stres s history of the projec t area . A separate report of findings
will be provided. ThLa verb is being funded by the Savamesh District
in accordanc , with discussions between the writer , Mr. Erwin (SADEN-YL),
and M1~~ —VG personnel.

JAMES NEIHEISEL
Geologist

Copy furnished :
Capt . Lynch, Pt. Gordon P.s. Rugr . Offic e
)~~~. Earl Titcoob , LASEN-PU
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PR~~ACE

The Foundations and Materials Branch , U. S. Army Engineer District ,
Savannah , in Requis ition No. EN-FG-7T-46 dated 17 September 1976 , to
the Direc tor , South Atlantic Division Laboratory (SADEN -FL) requested
field observa tions , petrographic and X-ray dif f rac tion analyses ,
and potassium-argon dating of rock samples from the diversion channe l
at Richard B . Russell dam site for the purpose of estimating the
stress history at the dam site. Dr. James V. Erwin , SADEN-F , and
Messr s. Earl Titcoinb and Robert Stansfield , SASEN-FG , provided assist-
anc e in field observations and in obtaining oriented field samples.
The field sampling , petrographic and X-ray diffraction analyses were
performed by Dr. James Netheisel at SAD Laboratory . Potassium-argon
da ting of selected samples was performed by Dr. Marion Wanipler of the
Geophysical Science Labora tory at Georgia Ins titute of Technology ,
Atlan ta , Georgia. The latter work appears as Appendix A to this
repor t which was prepared by Dr. Neiheisel.

The work was performed under the general direction of
Mr. Robert J. Stephenson , Direc tor , South Atlantic Division Laboratory
and Mr. Robert L. Crisp, Jr., Chief , Foundation and Materials Branch ,
South Atlantic Division.
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br ovurci
U.S. ARMY EN GINEER DrV iSi ON LA BORATOR Y , SOUTH ATLA N TIC Savannah

CORPS OF ENGINEER S P*OItC,
MA RIETTA , GEORGIA RICHARD B. RUSSELL DM4

a P E T R O G R A P H  I C  REPORT NO.

OOURCE LA O 
~9. D A T E  R E P O R T E D

Richard B. Russell Diversion Channel 232,s85 - 899 16 Decamber 1976
D A T E  R I C E  l A I D  RIO. NO. EN— Fc~7r— 43 . EN _ Fc _ 7 r _ 46 , 10CC ORDIC N O .

26 August 1976 EN—FG-77—09 0169 , 0184 , and 0233

STRES S HISTORY IN VICINITY OF
RICHARD B . RUSSELL DAN SITE

Pe~ rog ap hi c and /ar X-ray d l  traction ana l yses have been made in acco r da n ce with CR0-C 121—61 and.
oi (I li IO-2-2000 . Thin section studies , pe trograph i c DII immersion studie s , and me gasco pic e o am i n a t i on
h ave ae e r ~e rt or rrr e d as necessary for evaluation procedure s and phot o. ic ro graphs of thin section s . wher e
applicab l e , appear as figures in the report. X—ray d i ft ricO ion techn i ques , I I app Ii cabl e to this
tes ting, i,~ iu de ethetene gl yco l and heat treatmen t of sed imented slides as corroborative d i agno stic
tests to til e po wd er press technique , and X—ra y di It ra c togr ams appear as plates. Other tests necessary
for this a r ve st rg a ti on a r e described in the report.

De tai l ed pet ro g ra phi c descriptions and pertinent remarks r egarding acceptanc e of in d i v i d u a l  rock
types . SO i ls , O r tame aggregate and Other ear th materials are included in the tables. The summary be low
presen t s key data r e sulting t r a m  the testin g.

I ncl
Figu re s

12 P iaf es
Ta b t es

I Appendix
S U M M A R Y

Petrographic , X-ray diffraction , and potaaeium—argon dating analysiw of oriented
rock sample s from an altered felsic dike trending parallel to a fault and a nafic dike
t runcated along the fault has provided information enabling interpretation of the stress
history at Richard B . Rus sell dam site. Anal ysis of micros tructures and composition of
roc k and soil samp les vs. performed at SAD Laboratory and potassium-argon dating
accomplished by Dr. 3. N . Wampler at the Geophysical Sciences Laboratory at Georgia Tech .

The felsic dike intrusive appears to be structurall y controlled along a pre—exia ting
fault zone in the host rock of metadacite . A truncated , older nafic dike , which does
not penetrate the felsic dike and which appears to be offset from the opposite , more
highly weathered , hangin g wall also supports the view that feleic dike was locallized
along a pta-existing fault zone and that hydrotherma l alteration followed this same
pathway at a ister date. Potassium bearing minerals in the mafic *nd altered felsic
d ike subjected to potassium-argon dating provide key information relating to the stress
h istory of the area .
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PE IRO GRA PHIC REPORT (co nt~d a PROJECT RiCHARD 3. RUSSELL DAlI, Savannah District

EM-FG-7T-43 , IN-FG-7T-46,
RED O NO. EN FG 77-09 w o. wo . 0169 ,0184 ,and 0233

A sketch diagram of th. altered f.lsic dik. situated along an older fault zone in
the diversion channe l at Richard B. Ruasell dam site is depicted below , m d  a st~~ ary
analysis of the stress history based on field observations , potassiu m-argon dates , and
published papers in scientific journals , unpublished H. S. d issertations from univer-
sities , and Georgia Geological Society fi.ld trip guide book is presented as follows.

,

Sketch Diagram of Fe lsic Dike Located Along Fault

Me of Rock Unit or Event Basis —

1. Metadacit. Rb - Sr whole rock analysis by
560 - 570 m. y . Carpen ter (1976).

2. Faulting sad multiple deforma- IC-Argon dating of ~~jj~ dike at
tion of Little River Series , station 23+50 by W~~~ler (1976).
Hafic dike - 355 ~ 11 .. y. Field observation shows fault
Faul t N 10°E - less than 355 m y .  younger than mafic dike.

3. Felsic dik. emplacement K-Argon dating of feldspar from
357 t 11 a. y. felsic d ike at station 17+40

by Wampler (1976).

4. Hydro therma l alteration of K-Argon dating of muscovite-
felp ic dike. serdcite from altered felsic
272 ± 6 a. y. dike at station 20+95 by

W pler (1976).

Siloa. grani te pluton 40 miles Rb - Sr whole-rock date of
to SW is probable source of nearest granite pluton at
hydro therma l solutions . Silo , Georgia by Jones
269 t 3 a. y. and Walker (1973).

5. Sligh t movement along old fault Widespread stress and movement

zone as observed in the felsic along Triassic faults of the
dik. as a post hydr.1 b a 1  Inner Pie~~ont.
even t.
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Fi gure 1. Location of fault zone and altered fels ite in diversion
channel of Richard S. Russell Projec t. The fault and alteration
zone strikes N l0°E and dips 50°NW. Wall rock alteration appears
confi ned to the fault zone of felsite with mO8t intense alteration
t o  t h e  southwest.
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~ o 0169 , 0184, and 0233

Th. age of the fault in the diversion channe l at Richard B . Russe ll dam s i t e  is
considered to be Devonian in age since the fault truncates the 355 ~ 11 million year
twafic dike . The felsite implacament must have occurred soon after the faulting and
hydrotherma l alteration of the dike rock during igneous events of the Permian. Minor
stress has occurred since then with maximum concentration at the dam site area along
the ancient fsutt during Triassic time.

Detailed consideration of stress histo ry at the Richard B. Russell dam site is
presented in the following paragraphs , tables , appendix , figures , and plates of this
report.

DETAILED PETR OCRAP HY

Introduction

An exposed ancient fault and altered felsic dike rock cuts across the diversion
channel at Richard B. Russell dam site and is exposed in the west bank of the diversion
channel. This is one of the many ancient faults known to exist within the Piedmont
province framework of the eastern United States. Because of the localization of a fe lsi c
dike rock along the ancient fault and the subsequent hydrotherma l alteration of the
dike rock and the relationship of older mafic dikes to this fault , it is possible with
potassium-argon dating to establish the history of the stress events at Richard 5.Russell
dam site .

The location of the fault across the diversion channel at Richard B. Russell dam
site is depicted in Figure 1. The fault trends N l0~ E and di ps 50° NW and the hanging
wall block above the fault zone is more highly weathered than the footwall block.
Oriented samples were obtained from four locations along this fault zone and from
boring DC 24 (see Figure 2). Petrograp hic and X-ray diffraction analyses of these
samples are presented in Table I and potass~ua-ergon dating in Appendix A. The stress
history based on this field and laboratory evidence as well as corroborative evidence
from published data of adjacent study areas is presented in sequence from the oldest
to youngest events in the following paragraphs .

Metadaci te Country Rock

The country rock or oldest rock unit at the diversion che ..nnel is netadacite as
discl osed by petrographic analysis of roc k from core hole boring DC-24 (see Figure 2
and Table 1). This is similar to the Lincolnton Metadacite described by Paris (1976)
for the area to the southwest as “typicall y a quarts porphyr y, consisting of large
phenocrysta of blue , opalescent quartz in a fine matrix of quar tz and f el dspar ”.
A geochronological study of the Lincolnton (etadacite by Carpenter (1976) based on
Rb - Sr whole rock analyses and U-Pb analyses of zircon have been completed , and both
prov ide ages between 560 - 570 million years or Ca~~rian in age .
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The N l0~ E trending fault zone is older than the altered felaita that it contains
but younger than the country rock in which it occurs, The mafic dikes , truncated by the
fault , are also older than the fault. The potas sium-argon dating of an unaltered maf Ic
dike ft - ow f ield location station 23+50 reveals an age of 355 ~ 11 million year s (see
App endix A). The mafic dike rock from field locetion station 21-s-IS contains alteration
products (sericite , etc.) and the potassium-argon date of this sample is therefore not
co nsidered vali d because of this contamination . The fault i. younger than the 355 t 11
m ill ion year usaf ic dike but older than the altered felsic dike rock which parallels the
fault f racture.

The faulting post dates the regional metamorphism of the region which Ful lagatr (1971)
postulates as a Siluvian-Devon tan event (4~2O - 380 million years ago) , Parts (1976) cites
et ructur .il feature s as evidence that the faulting is a post metamorphic event. Thus , the
age relation of the fault correlates with the investigations of Paris (19Th) and is fixed
more rigidl y in absolute t ime by potassium-argon dating of this i nveat igatton as being
younger than 335 t 11 million years and older than 272 t 6 mill Ion years ; the latter
limiting age is based on potassium-argon dating of the hydro therma l alteration which
is des cribed ira a later section of this report,

Fel sic Dike

The felsi c dike strikes N 100 E , parallel to the fault zone , and has a variable
thickness rang ing between 4 to 10 feet. The felaite is hydro thermal l y alte red but
rela t ivel~s- f resh unaltered feldspar exfata near the centra l gone. The feldspar fro m

stati on location 17+40 is least altered and has a fresh appenranc e (see Table I);
potassium -argon dating indicates an age of 357 t 11 noillio ,i years (see Appendix A and
Table I). This is generall y similar to the lower limiting age sf the fault if one takes
I nto consideration the 11 million year analytical ma’~ ln for error in the age determin-
at i on. Thus , the fe lsite of generally similar age was probably emp laced very soon
after the faulting occurred.

~~4~otherma l Altera tion

Hyd rotherma l alteration La apparent throughou t the felaite dike with sericite
the chief alteration product (see Table 1 and Fi gures 3 thru 8). The feldspar—rich
fel si te dike was largely altered to potasatu is-rich sertcite which provides rather
ideal material for potassium-argon dating. ~buch of the potassium was probably intro-
duced with the hy drothe rma l solutions originating from a siliceous magma . The
po tassium-argon age determined on a pure sertctte fraction from station 20+95 is
272 ~ 6 million yaara (see Appendix A). Thia correlates well with the radiosoetric
age of the nearest granitic p luton and the similarity of the hydrotherma l alteration
a t that Magruder Mine (Peyton and Cofer , 1950), si tuated approximately 12 mi lea to the
southweat c_cf the dam site , Jones and Walker (1973) emp loyin g rubidium-strontiu m ,
whol e-roc k da ting of the Siloam granite obtained an absolute age of 269 t 3 million
y ear s, C”.us the hy drotherma l alteration of the fe lsite and the emplacement of the
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Siloam pluton appear to coincide in time if th. analytical error inherent in the
method s are taken into consideration . The analytical error of the methods could be
as much as ~ 6 million years for the sericite of the altered felsite dike and t 3
million years for the Siloam plu ton .

Post Hydrothermal Stress

Post hydrotherma l stress is observed along the central portion of the felsite
dike in the diversion channel as smooth , slick pressure faces (see Figure 5). Line-
ations in the altered felsite are also observed aegascopically and microscop ically
(see Figures 3 and 6) with alignment parallel to the general 45° NW dip direction
of the fault. Although slickensides are not observed in the f el site , the smooth
pressure face. and aligmeent of trains of nagnetite suggest that sone movement has
occurred parallel to the fault since the period of hydrotherma l alteration. Fullagar
(1971) and other. have shown that final major tectonic events which had a major eftect
on the Piedmont area probably took place during the Triassic period . Bollinger (1973)
has demonstrated that strain due to crustual uplift is concentrated along old fau l t
structures and auch stress in the vicinity of the darn site would have been along this
old Paleozoic fault. The amount of stress in the region of the darn site since the
post hydrother ma l phase of stress events nay be conc luded as very minor since the
felsite , relatively inert to weathering and physically lees co~~etent than fresh
country rock (metadacite) , reflects little stress and negligible evidence of movement.
The wall rock i. hig hly weathered (see Figu re 9) while the felsite preserves the
graphic details of earth stress in vicinity of maximum stress sinc e the hydrother ma l
event 279 ~ 6 million years ago.
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Figure 9. Ty p ica l  w a i l  rock from footwall  In  v i c i n i t y  of f a u l t
zone on west  s ide of d ive r s ion  channel  at Richard  B. R u s s e ll
P r o j e c t .  ihe  dark green rock occurs  as dikes t yp i ca l ly 3 f t .
w i d e  t r u n c a t e d  by the  h a n g i n g  w a l l .  The l i g h t e r  colored
s a p ro l i t e  appears to be wea the red  porph y r i t i c  me tadac i te  in
which q u a r t z  g r a i n s  up to 2 nsa s i ze  c o n s t i tu t e  the l a rges t
p a r t i c l e s .
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F i g u r e  10. A l t e r e d  f e i s i t e  from between 114.0 and 114.8 f t .  depth
of core ho le  DC-24 . Dark t r a i n s  of m ag n e t i t e  are the  linea ted
f e a t u r e s  in t h i s  a l t e r e d  t e i s it e .
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APPEN DIX A

Potass ium - ~rgon Study of Rocks

from Richard B. Russell D~ u Site

1 December 1976
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GEORGIA INSTITUTE OF TECHNOLOGY
SCHOOL. OF GEOPHYSICAL SCIENCES -A t lo ra ta . ( cc l,  -I l 3(1332

November 23 , 19 76 404 ) 894 2~5l

Dr. James Neiheisel
South Atlantic D i v i s i o n  Laboratory
U .S. Army Corps of Enginee rs
611 South Cobb Drive
Marietta , G e o r g i a  30060

Dear Jim:

After much delay, I am enclosing the fina l report on the Potassium-
Argo n Stud y of Rocks from Russell Dam Si te , wh i c h  I unde r took in September
in accordance with a plan described in my letter of Septembe r 16 , 1976 .
I regre t that there has been so much de l ay in the comp letion of th is work ,
but the extra time has allowed me firs t to obtain highl y p u r e  m i n e r a l
separates for ana l ysis and then to confirm the accuracy of the ana l ytica l
work by dup lica te anal ys i s of mos t samp les .

The report consists of four pages , as follows :

1 . Summary of results on the pr imary  samples f roria f i v e  s t a t i o n s

2. Summary of results on some additional samp les

3. A table of analytica l data

4.  Comments on interpretation of the potassium-arqo n
appa ren t  ages .

The results reported herein are consistent with preliminary results
reported to you by phone , with one exception . The preliminary result on
the dike rock f r o m s ta t ion 21 + 15 was in error because of a mistake in
my prelimi nary calcu lations. I am sorry for the error , but I am p leased
to find that the correct result is consistent with your interpretation
of the history of secondary alteration at the site.

I have enjoyed working with these interesting rock samp les , and I
t h a n k  you for the opportunity to carry out this stud y.

Sincerely,

J.M. Wamp ler
Associa te Professor

JMW:cma App ~
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SUMMARY OF RESULTS
( P r i m a r y  Sam p l e s )

POTASS I UM-A RGON
STAT I ON MATERIAL APPARENT AGE *

- -  - - 6
19+20 Ser i c ite , hig h purity. Separated by heavy 295 + 6 x10 y

l i quids after disaggregat ion of samp le

- 6
20+95 Muscovite , high purity. Separated by heavy 272 + 6 xlO y

li quids after disaggregation of samp le

17~I~Le0 Fe ldspar  (prov i ded by Dr. Ne i he i sel ) 357 .1- 11 xlO 6y

21+1 5 - Whole rock samp le of dike rock. Anal y tica l 292 -i- 6 x l O 6
y

samp le was taken f rom the i nne r portion of
the hand specimen , away from Mn-oxide stain
or other surface alteration

23+50 Whole rock sample of dike rock . Ana l ytica l 355 -s- 11 xlO
6
y

sample was taken f rom a portion of the hand
specimen showing li t t l e  secondary alteration 

-

~A — -)arent age is based on the following constants:

1
~
0K decay constants : = 4.72 x 10

10
y

1

- -10 -1
A = 0.585 x 10 y

= 3.000119 (Atomic)

Ta-,1-- indicated uncert ainty in apparent age represents an estimate of the
anal y tical precision at the 95~ confidence level.

App 3
~I) o f  -2
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SUM MAR Y OF R E S U L T S
(Additiona l Samp l es)

POTASS I UM -ARGON
S T A T I O N M A T E R I A L  AP PARE N T A G E

19+20 Feldspa r (very l occc~ potassium~. Separated by 488 + 2C
heavy li quids afte r disaggre gat ion of sample.

20+95 Feldspar (low potassium) . Separated by 293 -
~
- 9 x l O 9y

heavy li quids after di sa ggregation of sample.

23+50 Wno le rock sample of altered dik e rock . 442 + 35 x lO 9y
Ana l y t i c a l  samr le was taken from an altered
zone wh i ch extenti s about 1 cm on each side
of a healed frac tu r,- tc-rojqr ’ talc hand specimen.
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COMMENTS ON INTERPRETATION OF POTASSIUM—ARGON AGES

Muscovite and Sericite: The potassium—argon apparent age of mu scovite or
sericite ind i cate s the time elapsed since the m ineral (last) became cool
enough to retain argon (about 300°C). For ign eous and hydrotherma l mica ,
this t i m e  interval should be essentiall y the same as the age of the
ma terial unless there has been subsequent metamorphism. The potassium
con tent of micas is sufficiently high that radlogenic argon which may
have been I ncorpora ted at the time of formation is not normall y signi ficant.

P l a g ioclase Fe l dspar: Althocgh plutonic K-feldspar is notorious for losi ng
radiogenic argon , plagioc lase fe l dspa r norma lly behaves as. a closed system
or potassium and argon after its formation as part of igneous rocks .
Therefore , the potassium-argon apparent age of plagioclase (from do leri tes .
fc.r example) is often a good indicator of the age of igneous rocks wh i ch
have not undergone metamorph i sm. However , for samples with very low
potass i Ic ~ content , a sma l l  amou nt of i n i ti al r a d io g e n i c  argo n can be s i~,ni-
f i can t , making the apparent ages greate r than the geologic age of the rock.
The high apparent ages of the fe l dspar from station 19+20 and the alte red
d ike rock from stat ion 21+15 are probabl y due to the presence of in i t i a l
radiogenic argon , s i nce these samples have extreme l y low amounts of
potassium.

Whole rocks: Potassium-argon apparent ages on whole-rock samples of igneous
rock are reliable indicators of geolog ic age in favorable c ii-cumstances , and
have been particularl y useful for studies of maf ic rocks (basalts and
dolerite s). Confirmation of the validity of whole rock ages requires mu l-
tiple samples of una l tered rock . In the case of th is work , the dike rock
from station 21+15 is clearly diffe rent from the sample from station 23+50-
The difference in apparent ages may be attributed to secondary alteration of
the rock from station 21+15 .
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I-I NA !. GE~~LOG LC Rl-:PORi~ PATYEI{SUN IIRANCII FAULT , w I L L I N U T U N  hOu’l h i. AR ’  ‘L I S A

I - I I  < l OSE : rh is St ud y was cindert taken to det e -  rmlne’ the co I lvi Y - ,  t t i l t

I . e I t - - o Branch i- cc, t re lot I ye t o  the RI chard Ii Russell ham and I c I t  t in-

De s i g n  l- c rth quake stud y.

M - t h - c i s :  A w,- c -k ’ s f ie ld €-xat ’,imation , consu l t a t i on  w i t h  c i c c t s l u c -  p r i i i i - It t - i l
lnve~i-it 1 - e t o rs of  l i c e -  fault , geophysical exam lctict ion , and tr ,- nc -hl II~~ work
ci ls oIc I i c c t e - c l .  l ice map and g e o l o g y  of tile arc-a was dona- by I i  - Dc ci i

- -  I t le e - On versi t v o t  South Ca rol m a , Ccc l cimb !a.

- ! I I v s  I c~ : rep hy of  t h e -  P a t t c ,irson Branch area:  Pa t te rson  B rm u i c  is cc s m - i l l
k e i r a l i i i ig in t c -  C l a r k  H i l l  R e s e r v o i r .  l i ce-  Bran -h WOS a small t r ili c it c r 5  t i c

I l i e - S c v . c I I n c t i i  R i v e r T u e ar e- c Is (toe of mu l t i  leve l t e r r ac e s  st~ c ttd1i0- I,, ! 

o l d bed r o c k  g rade  of t i r e-  Savannah  R i v e r .  The h i g h e s t  po Int  iii l i c e  o - t (5’

ret Ic- ! is t lie ci ’ c - ic rdan t ridge- and inte-  ri I uve be tw t -en  Pat to tot ,-ic lmr ~e n c l c  d I d  I bc

n e — l g l c i - c - r i c i g  I c r ccn - i t  ! - t h e  sc -c i t  heast —

4. G e o hc~ y :  ‘Iher,- I c c - 4 d 1st lin t ge-ohgi - u nits underlying tic,- i t t , -  c ’ c ; a  !!c ’.c i i - ie —
W i l l  i c c ~,l -n a r e - c c .  As napped by Se -oc r , th e  cmi t s ore- : II 1)1,-Il - 1 0 - 1 1 - ’ - , c o c c i,! c-odc-
gne- 155 , .idacne - i I Ito g ccc- tss and the fourth Is a nil , - ,  schist I ving te l l i i i  se nt  Ii, - . c s t
.cctd t i - r I !cw~ -s t  el th e- Se-eo r units - Across the rive r the- u n i t s  Ire- i c - r i , ! -  1 , - i c c i c -  c i i i
I, r icO l! i on  t i  gut - i ss .

N. 1< c c  A ll civ lrcni ~ c cd  r i o :  , Gr ave l ‘ i ps  l i e -  on s ine- t e r r i c ’ c -  . I r e - , c c ~ in

‘ c t  t u - r s c c c c  t r a i n - h  c r c - c .  l i t  c -xp l - r a t ie - ic for th,- base of t h - -c - g r i v e - i 5 i t  W I S
i ll s - re - cl th .,t cc i i  - I d  hut- lcd S t r e a m  - ‘ hc . uncn— l if th e- Savanna !,  Rive r or i t s

r c h c i t c r v  I Ic-s bent-ct], tir e t o  c r c  c- - S ss se - c  ii on on i.c ge- 3 7 .

Ii . l’ e-irci l ~~v :  Cot ’,- f r - ocn boring P11—B mel Pit — i we-c - c- c- - cnlcniol c t d ivision l I ! r , l c  t i c s
or pur !cos -s I i  i-i t a l c i l o g  de-sori p t  lout  and e - a t a c l i t s t i e  I c i st o r y

i’ii— 7 is clc -sc -r h bc -d i -c . i l i g h t  : rey ,  m od i cum i- , r i ln e cl , adam, I I it ,,- inc I -s

A l t  Iiecccg h c c i i m c o r  I ragncentation ot rnit ic -rai s icc presettt , this roc k c l e c c -s  ncct
h o c , ’  c - e t . c c - l e s i i e - t e x t u re- .

P8—1-4 Is’ i i i -  s,- r l b - d  ~is m g roc - I l i s i c  g r . c v , fin ,- t i  ctcet dluccm gric i ccc ’ !  - ! o ! l i t - c l

a n t  c~
- i t~ i, - i c s  l ie - t ex t  cc re~cl . ho rich ii nde granocl i - r i !  0 ne 155 -

c i i i i t  b i t  c s . c ,c_ c iI c - fncc i n t u e  c- r ushed  c ; u m r t z  and f , - i d s p t c -  nt\ ’ !o n i t o  co -ire— was
submit  t e d  I or ; c i m . , i v s l s .  ‘ibis u n i t  Is iclent I f l e d  wi  t im t ic,- f o u l  t ?,~ c i c c  c i i ! I c i t  c - c ’
w i i i  h, i i i  lcd H I c i ly  i- rccs i ,e ’c l  r c c e k ( F C R )  -

‘14115 — I ( V!k) i s  i i c - s c - r i h e - d  as quar tz  b re c i ’ Ia occurr ing in a ci~ - i o c c  I t ,
host  roe -k - I - i c r-  f c c r t h c — r expans ion  -s t in re-port itt, p- ge - I I - th  ~ i - ‘ 1

- - I - I 155 I c -- c : A magne t c - me t,- r 5 urvc- v was I l~~IlI! c c l ! c - I ! c - r o s s  t ic ’ - I no! t iiln -

ice t a i l  s - c i  t h i s  su rve y a r c -  i n c o n c l u s I v e , it o w evc -r  th is s u rvc -v  t ’ c c ! - ~ t o  v i i  i i !

t he— c — s t  c i i I t I _ d s t r i c t i c c ’ ,,- .

1-4 S tr u i - t  r e t - - :  Thy g c - ’ l o g i c -  ~,t t c i i ’t cc r e  ol l i c e -  i c c  c c c  ~c 1 ’c ;ce- ~It - s t i c  b o o  I t cm c ore

- f  aclame I I It ,-  - e c c t e - r e - d  In ,i ;Int 1 c 1  l i c e  of  h o r n b l c - c c ~ ! e— gnc Is — i  - lIce sc iu !  icc - i - c  i I cciii c i t

t he hccrn h i ,-~~de— g r c c c ~~ ! l e c r l  1e- gnelss Is trunc-la t e - c I 1w a faci i t / 1 0  whose s t u n - - c-

e— x p r e - s - s io n  Is t ic , - ! II nt v  i- r icsh i t -d  rc - c — k ‘ ccc , -  - This :’, ccc - p i c c e hes e c c t  S S i  (‘ e~ mi n i I S

Its they  abut  I g c ! i t s t  t h e  s t r i k e  c c i  t i le- FCR. R e l a t i c c c c s l c ips c ; c c 4 : i .c - s t  -c t i e o i f l i i  I c c i i  t -

ii. F c c e l t A - _t _l_v [ c y :  Dri l i  tog and t r e n c - h i n g  we re ~nnduc- t e - d  t o  ,cSSc 5s lie 0 t Iv i t s -  -~~

t he- I - c u l t  - In ci i  c t t e c c c p t  to SOC if the Icase of the g r a v e - i s  we rt- c c t ! I c I . c ’ X p i d c r c t o r v
u n  I i  1tc 1~ w . c c c c c n c l c c i - t c -d is a p r e l u d e  t o  t re ne ’hlng .  I t  w a s  d i  S i  1W d i t  t h i s  t i n , -

A ;’-
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t i c it e cont’ Icce d w a t c - r t ,ibl t c x i S t s  In .c re mcm c c c t  ~u t  rc - I mc , c l i i u u i c c - I - ‘ l i i i -  e- harcnc- l i e c c l
bet -n  - i ;c p  ‘ I  by siuc rollt~~. Upon re c cuec v ~,l i i  tIe ,- - Il l , tIme c i t  - i . c n  it c .ec l  r - ~se - t o  t I c , -
prc -ss i c r c -  l e v e l c i  tl ,c l.bc e- - Since t l c t s  re n:- - v c - -I t cc  i c e u s s l  Id l I t  v c c i  , u t r e t m c Ii

the I- I tt- next  hi ghe- r w as  chosen.  As ~hi-wti ccc ri ce ~- c s~u S t e t  i e l c  • t Ire t e - r r ~c - ,-
leve l , t O V .  Ic  c x t e c c c l  to  sonue de p t h .  The top c f  s i c !  It , - n - - k - 0  t i , e ’  o ld  i li i c d t I

lc~~s Icecit ,I,id Il - c - e e l  as It t r ca v e- r sed  the ( : e c r i t  - 11cc- t re-n im W i ’ , c - X , ’ I v c t -  ci ic  t O S S

t b -  c al t  in a bc - c i t  ock — I I!  ru I l t e~ hor i z i cu rm . Feur c l is i  c e s s  l e c c c  c lil i n cl v sls c c l  t b
re - nc be S e e ’ t i tc ~ t r i p  r,-p~~rt and c:onsuit m n t; aeunimtccl rv cun i , c g i - s  I r u t -  i~~I c  10 c c c  lii IS

re- p~’rt - i1cc - engi ni c i g  c ’ ii lc cgy  map Icas t Ice d I t c c e n s l I I I l s  ad i n lp t le i n  o f  t h i -

I e - c c e - !i - 
I I~. f ,cu It i- e s been m:eplced I,’ cave a u c c ~- t Ic o~ 7 km .

In t t i le 1  i x c o l  e-~~ Ion i- cd  t rc u cc - ici Icg t Ic,- Pat tc rsorc B runch ip pe- c n s t ci h: ies- n c

c .  i,Ie-ci ,’ c i t  r i -c, ,- eli ai r i - a c t s  -

4)~~~~f~4~~~ e~
Ii 1111 , -inc i-I . Il~ in ,- - . k
I i - g i s t  - SASI’.NF C

App  ~

i-dc _ - I  l i i u i

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



SASEN-FG 31 A uyust 1976

SUBJECT:  Tr i p Report to tiodoc SC and W illiny ton , SC

MEMORANDUM FOR RECORD

1 . DATE: 21 July 1976

2 . PURPOSE: To inspect and evaluate the proposed Patterson Creek-Wil lin yton
Fault located along a NE linear trend extending from the shores of Clark H i l l
Reservoir south of Patterson Creek to W illi n gto n , South Carolina . Patterson
C reek is located 7 miles SW of the Abbey lie—McCormick County line on Clar is
H i l l  Reservoir .

3. PERSON MAKING TRIP:

W i l l i a m  E. Hancock , Geologist , F&M Bra nch , Savannah

Lt PERSON CONTA CTED :

Donald Secor , Professor of Rock Mechanics and Geo l ogy, University of
South Carolina

5. OBSERVATIONS:

The fault is postulated to be the causative mechanism for the W i l I c ’qt’)c
Earth quake of November l97Lk — Mb = Lt .3 by Ta l wani and Scheffler of the Un i-
versity of South Carolina . Don Secor did the detail Geology mapp ing of ~he
area . Un its defined b y Secor are a adme lli te gne iss , hornb lend -u-gne i ss , and
a tn i xed gne iss . The fault trace is composed of a zone of fli r t y  crushed
quartz w ith comb structure . Diaba se dykes and pegmatite dykes cut all three
of these units but there s a notable decrease of the pegmatite dyke in the
adme l lite gnei ss . Field relationshi ps of the un its allow a fault interpre-
tation ; however , without the W ill ingto n earth quake , other structures could
he postulated . Field mapp ing was done on the basis of residium and float
rock. Criteria utilized was adequate for good control f conscience and
ha rd work  was emp lo yed .

6, C O N C L U S I O N S :

The existence of a structura l fault , terminated as a Tr iassic basin base-
ment fau l t , could be present in the area . The seismic activity mi ght fall
on this fault or on regional joint patterns associated itt I h i s area . This
type of structure is common in the Piedmont and heretofore has not been
assoc iated i- tu b historic sei smic ity.

A p p  1
3 ,,cf ,
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SASEN-FG 31 August 1976
SU BJEC T : T ri p Repor t to Modoc SC a nd W i l l i n g ton , SC

7. RECOMMENDATIONS:

The p re sence of a P l e i s tocene to Terti a ry  Sava nnah Ri ver gravel  a l o ng
the shoreline where the fault linear p rojects throug h cou ld  a f f o r d  ex c e l l e nt
con t ro l on recen t movement. There fo re, this gravel should be:

a. Exp lored to deve l op subsurface profile (Time : one day).

b . If p rofile is such that the question of historic movement can be
answered , the fault should be trenched to this location .

(I ~~~~~

W I L L I A M  E . HANCOCK
Geology Sec t ion

~\pp 3
4 of ~a2
H e c  t ion F,
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GEOLOGY FILE

SASEN— FG 16 Nove~cter 1976

SUBJECT: Tri p Report - Patterson fl ranch~ Clark 11111 Lake and Richard B.
Russel l — Dlvs rs lo n Channel

MEM ORAND UM FOR RECOR D

1 . DATES: l3~ lLi Noveith.r 1976

2. PURPOSE:

a• Inspection of trench excavated across the Patterson Branc h Fault.

b. inspection of D verslon Canal , Richard B. Russell Dam Site.

3. PERSON S MAKING TRIP:

Earl F. Titcoinb, Jr. , SASEN—FO
WiilI.n E. Hancock, SASEN—FG

~~ PERSON CONTACTED:

John McCracken , Resident Off ice Personne l , Richard B. Russell Projec t

5. OBSERVATION S:

a, Tr.nch - Patterson Branch • A trench was excavated approximate l y
perpendicular to the N67E str ik ing mylonite quartz breecla zone. This zone
is pos tulated by Scheff tar (1973) as a poss ib l. candidate for a causative
mechanism in the 2 August 19711 W llli ny to n earthquake. Wi th in  the trench a
17-22.5’ crushed quartz zone (1+10 — 1+30) was exposed. Th is quartz dis-
played an intense cataclastic nature. Splaying of minor 2 feet crushed
quartz zones wa s con~nonIy found on the NW side of the main crushed quartz
zone. The right wal l exposure shows a Graphic granite(O+25 — 0450) d i ke
truncating the s p lay ing crush quartz. This grenl *itpinchss out in the floor
and is not found alon g the 1sf t wai l . Along the lef t well and southeast of
the main crushed quartz a slid, d.v.lopsd. Th. wall sap material which the
s id e Is coripos.d of shows no crushed quartz • The saprol its Is zoned w i th
ta.iltlpie up to one Inc h wide layers of pa rallel grey clay . Interstiti al to
the layered clay s are red sapro lite most probably of hornblend gr anod io r i te
parentage. This sl i de saprotlte disp lay s “s lckensids” and maganese stain—
In g. The sli de is most prabibly caused by an c,nfavorabls Joint pattern.
PredomInate J oint sets of N60W and vertica l . N6CA~, 6ONE and N55W BONE was
mos t unfavorable causing the w a l l s  to spal l off into the trench. The s l i de
area Is furthe r bound on the southeast left wai l by a striking change in
ll thology . Along a P65W 8ONE Joint the slid . i~ Juxtaposed aqa inst a l I ght

P. Scheffler (1973 ) IMpublishod master thesis — The McCormick County , SC
Ear thquake of 2 August 197~,

A pp I
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16 NoverMr 1976
‘ ti!L’ECT: Tri p Report — !~ctterson liranc h, Clar k 141 11 Lake arid Richard (I,

auss e il - Diversion Channel

colored sap rock comp sed of hornblend granodlorite with z.tiot i ths of
et i-wnelilte gnei,s. The hornbiend granodiorite (hgn) showi f law of S i ~~~~~t~~ I y

a rc! foliation around the adarelflte (ad.). The hgn is heavily saprolltized

~ li e the adn is rather ini~l tered. The first few feet of this lithoioglc
zone and particularly along the Joints contain graph i te In up to 6°’ con~osi-
tion . The graph i te Joints are slick.

b. The i c ~~ I I  soil horizon zone Is leached of clay and is sandy. it is
c~.f l i ghter color and cortrasts well wIth the underl y in g  saproilts. lb off-
sets were observed along this interface. Crushed quartz zones fol low into
the A” horizon and concentrate along the surface. This zone also dis plays
no offsets or dlsturbtance of recent vintage.

c. Surxnary. The crushed mylonlte hreccIa quartz zone i~as exposed along
a 2~~

’ foot thru cut. The z’~r~e is one of extensive catacinstic rock. rhe
f es!ier intruded and younger iffip laced rock Is not as heavil y sapro l t t i ? c
~ the parent host rock of iornblend granodiorite gneiss. ‘10 off sets were
found alon—’ continuous ctreti graphlc mmthers, Ho offsets were found in the

soil horizons. Slickensides were presen t in the maganecse st ained
~oints presec’t in the Saproilte. Thes. by themselves are not taken to be
l i -t icotor . of recent movement. (Pictu re 1. Figure 1 inc luded).

‘
. ~~ Richard B. Rus sel l  Project was vIsited Sunday morn inq,

! ,  t iove~-~~er 1976 . Hr . i1cCracken was leaving the project off icc as we drove
I briefly tol d h i m  what we ware planning. I.e. dril llnn In the Diversion

Channel . ri~e only work taken place was the dredgIng operation. The Con-
trucUon Cridge orca ~.*s v isIted . The pier footings within the channel
tad al l been poured and thus pier coiunr~ forms were In 2lace forP ant 2.

L~ent • c — tH acent to the isodward side, had been con~ truc tod with the footinu-~
against t~~c channe l side. There did not appeor to have been any work on
the and bents sInce the date of my last visit (~~) Septeriter 1976 The
Contractor W35 dril l ing his bln’i hole pattern between approx iMately ~ta.
2)450 and .a. 22+50. It appeared that about one oore li ft would be re-
uired to bring th. excavation to grade. Downstre am of the fault along the

r ight side a large pentecle of hard rock was left . This area was not yet
dril led but the hole pattern was layed out. The fault zone was covered with

- -~ehris throughout most of its length but the foisic dike could be seen In
sever~ i p i~ces. 1~~ tentative boring locations were selected at Ste. )D÷ct~,

~t arid Ste. 
20400 aIonj the right side.

~ m c i  WILL IAM E. RA?ICOC}~ EARL F. TIltOflI3, J~.
as Geology Sect I on Chief • Geology Sect ion

-\ - I i  3
c il. •~
~ c~~~t t ) f l
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I)ecerito’ r ~ , l97~’

M r .  E a r l  F.  Titcomb
U . S. Army Corps  of Eng i n e e r s
Box 889
S a v a n n a h , Georg ia  31402

Dear  Mr Ti tcocnb :

am w r i t i n g  to  s u mm a r i z e  the results of my s t u d i e s  of t h e  Patterson ( i ~~~r~
fault in the recentl y excavated trench near the shore of Clark H ill Reservoir ,
s o u t h w e s t  of  W i l l i n g t on , South  C ar o l i n a .

The country rock on both sides of the fault zone  is h o r nb l e n d e  g r a n o d i o r i t e
g ne i s s  In  r i c e  b l o c k  to t h e  s o u t h e a s t  of t h e  f a u l t  zone  t h i s  I i i  t i s  m o r e  c o a r — ~~ 1 v
c r y s t a l l i n e  t h a n  i n  t h e  n o r t h w e s t  b l o c k . rhe n o r t h w e s t e r n  b l o c  I i s  cu t  by  a t r w
d i k e s  and  i r r e g u l a r  m a s s e s  of  p e g m a t i t .  and g r a p hic granite li c e southeast c c i .

b l o c k  is cut  b y a f e l s i t e  d i k e  a few fee t thick .

T i t e  rna i n f a u l t  zot l e in  t h e  c e n t r a l  p a r t  of t h e  t r e n t  c i s  an anast o w i s i  ng
series of dike-like masses  of s i l i c i f i e d  f a u l t  b r e c c i a , strikin ~- northeast , w it h a
near vertical di p. Angular clasts of incompletel y si li cifi e d gouge or mvlonit e
are local ly present in the breccia . The c o u n t r y  rock ad~~acent to t h e  breccia z n e

a p p e a r s  to have u n d e r g o n e  cataclasis .

In t h e  b l o c k  to  th e  northwest of tite fault zone nume rous q u a r t z  :e i n s
d i v e r s,  orientation having comb structure occur. T h ese  a re  i n t e r p r e t e d  to he
d i l a t a ij o n a l  v e i n s  1/ because  ot t he  comb s t r u c t u r e , 2/  b e c a u s e  t h e y  a r e  not
hr ecciat ed , and 3/ b e c a u s e  t h e y  c o m m o n ly  cut  each o t h er  without apparent l a tr ra l
displacement. Near the northwestern end of the t r e n c h  (0 + 50) a 1 foot thick
v e i n  of  comb o c i a r t z  o c c u r s  a l o n g  t h e  b o u n d a r y  b e t w e e n  l c o r n b l e n d e  g r a n o d i  on  t e
gn e i s s  and grap hic g r a n i t e . These r e l a t i o n s h i ps s ug g e s t  either 1/ that a
d i l a t a t i o n a l  v e i n  of  comb qu a r t z  was emp laced a l o n g  a p r e - e x i s t i t i g  c o n t a c t , o r
2/  t h a t  t h e  v e i n  i s  a s il i ci  f i e d  f a u l t  zone a l o n g  w h i c h  l a t e r a l  m o v e m e n t  has
¶cixt apo sed t he  g ne i s s  a n d  g r ap h i c  g r a n i t e . I p r e f e r  i n t e r p r e t a t i o n  1/ b e c au s e

of the lack of brecciation in t h i s  p a r t i c u l a r  v e i n .  The d i l a t a t i o n a l  comb q u a r t z
‘ring are most numerous in t h e northwestern block immedi ately adjacent to the
f a u l t  z o n e .  [h r  f r e q u e n c y  of o c c u r r e n c e  of comb q u a r t z  - - c i  Os th-crrases to t

n o r t h w e s t , an d  a t  t h e  n o r t h w e s t  end of t 1t~ tren -h  o n l y  a f e w  t h i n  v e i n s  a~-
p r e s e n t . n my e x p e r i e n c e , comb q c t a r t z  a n d  si  l i c i  fi ed fai t h  t h r e c c i a  n c - t i c  t i  e t h ’ - t

a l o n g  ic ru t i re known  e x t e n t  of t h e  P at t e r s o n  Creek  a o l  . These  t a r t s  s t  . - e - ~t

that th e two are geneticall y related and formed together at t h e  same t im e whi i Ic

t h e  f a u l t  was a c t i v e .

In  the northwestern block th e  q u a r t z  v e i n s  w i t h  comb st rt ict cire a re  o f f n e t

by cc  .‘cr a l  s m a l l  n o r t h w e s t  s t r i k i n g  f au l t s .  Some s t r u - t c i r a l  d a t a  on t h e s e  a rt -

~ iv et 1  I T a b l e  I .  I n  most  c a s e s  t h e  strike sepa ratio ti of s m a l l  q i t a r t ~ v e i n s  o l i t t e t
by t h e s e  f a u l t s  a re  o u r  i n c h  or l e ss  One p a r t  i c c i l a r  f a i l  t , l o c a t e d  on t h e
s o u t h we s te r n  f a c e  of  t h e  t r e n c h  be tween  s t a t i o n s  0 ± hR ~ n (l 0 + 82 , has  o f f s e t
two  - c i  os of d i  f f t - r en t  o r i e n t a t i o n  i n  such  a way as t o  c- ny, t - e s t  L i - i h i n e d  u

and  l e f t  lateral strike slip movement  of  s i x  i n c h e s .  I h e  c l i i  c - c t  ion of  n e t  s I  tp
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TABLE I 

A 1 1~~i~ FAULT A~ FI TU DE SLI CKEN S IDE ATTIT UDE ATTITUDE AND S 1 R I H ;  SEPARATION
OF OFFSET COI’~ QUARTZ V E I N S

O + 63 N8W84SW N76E83SE 1” l e f t  l a t e r a l
(SW W a l l )

0 + 65 to  N8W4JN E 26N 30E N 2 5 E 5 O N W  lO~~” l e f t  l a te ra l
O + ~~ N 6 2 E 7 8Nw 6 ½tu  l e f t  la tera l.
(SW .a 11)

O + 66 N 5 1W6 ONE 36S76E
(NI; Wall )

O + 67 N 24W7 1NE 6S2 7E ½” r igh t  lateral.
(N E Wal l )

0 -4- 83 N60W55NE 2 375E ½”ieft lateral
(NE W a l l )
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c a l c u l a t e d  f o r  t h i s  f a u l t  f r o m  t h e  alw —-t-  d a t a  i s  l - ~~ !R}- ~ wii -r c~ c - ~ I f , -  - t a t  i c - i

of t h e  s l i c ken s i d e s  in the fault p l a n e i s  2 ’ N 3 0 f - . n i r f e r  t o t~~ - l ~~~: i - c  l a r k
co inc idence  between the  sl icker t s i d e  di r e t  t ion  ac i d  t c - c t  p t i  t t j o t  I p

n e c e s s a ry  to p o s t u l a t e  two or  more  episodes of s u p  at I i  I t e n - t t i ‘-s and  i n
d i f f e r e n t  d i r e c t i o n s .  j r t  s p i t e  of t h e  t Iucc ~~r t a t n t v  - c c t - e r n i n ~ t n t ~ n a t  r e  o f
movement  on t he n o r t h w e s t  trending fart its , th y - .- appear to h~ l a t e r  t~ i~~ ’ t h e
P a t t e r s o n  Creek fault because they cut c omb quartz veins t h a t  a c e  - c u r t  i c a l  l~
r e l a t ed  to movement  on the P a t t e r s o n  C r e e k  f a u l t .

n c o n c l u s i o n, I coi ’ Id f i n d  n c c  cv i  d eu c e  f o r  re e n t  w -  ‘ - 1 a l o n g
P a t t e r s o n  ~~~~~ f a u l t .  The boundary between t h e  A ~ nd B so h 1 t o r i  z n s  

~~~~
- -
~~~

‘-
~~

over the  f a u l t  zone w i t h o u t  a p p a r e n t  o f f s e t .  C r o s s c c c t t  l u g  r e l a t  I c i t Si t i  P S ,~ -- 1 c o c ~~d
in the  t r ench  sugges t  t h a t  t he  P a t t e r s o n  C reek f a u l t  i s  m a d  h P  an d  i s  c d t  h - .
a younger set of northwest striking fa u l ts of very small displacement. The age
of these northwest striking faults is n o t  known . The c o t c t i n u i t - ,’ of northeast
trending geolo gic al contacts in t h e  u r e a  b e t w t ~~-c  C l a r k  f f 1 1  g e - c r - - t i  r a n d
Wi l l i ng t o n , when mapped on a scale 0 1 1 : 24,000 , scy. ests t i c  t i e  t h a t  i f  ma~~-t
northwest trending facilts are present in this area t h ieir strike separation is
less than  a fe w h u n d r e d  f e e t .

P lease le t  me know i f  I can he of any additional assista nce in this n ia tlt- r .

Sin cerel y yours

~~~~~~~~~~~~~

Donald T. hecor , Jr.
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PATTZRSON BRANCH SKISMIC ZON E ROcX SAMPLE S

Pe t  ro~ t apn ~n a o t I- ay di I Ii -~ l i o n  anal y s e s  h~ y e bee n Si de - -c I t  L i i  ‘ l i t r e  e tn C R0- C  7-Il end
on IN t itO — ? — 2000. T h i s  section s t c i d c e s . p e t r og i et i hi c o i l  n m r e t s n t t n s t u d i P ~ . aci d - c e i a s c o p c c  e i a m c n a t i o n
have been pe r  ‘o tied as Ile C essa c f O r  8 4 3  u et con p c O cedu p - - ?OC ~flio 1 C 5 c  c t o g n  apti s a I It ccc  Sec t I Ofl S , ey e I e
app Ii c a b le , appear as I i gut is in l I ce l e p o  t I - 1 - n a y  d c t It  cc I c o n echn I que s , - I a p p  c cat - - e to t h  i

t s st cn g, cnctu d e e t tlel en e gly cO l and h e a l t ieatnnnenl o t seci c ifie nt e d sl i d es as CO ii Ob oca -~~e di a gno sti c
tests to the p ow del p t e sc techniqu e , and i - c o y  d c l  tta c log t a m s appeai as plates. Ot h er tests necess ar y
Iør t i ’ - 5  in~ e sIrg3tiOic a c e desc i nbe d in the r e poc t.

De ta i led patnog r aphi c d . s c n c p t lo n s and p ectinient t en ria ck s re g a t c l c r m  dc~e r t a n c e o t  c c r r l n v c d u O  rock
t yp e s , s o t  s o i tin e aggregat , and other eart h cia t ii cal s a r e n r c  uded i n  lie t a t t l e s .  fli P S itrer i - Se 10,
3 e s a- I s  k.1 data c I t  m g  fl oe th e test ag .

.1. In t l
0’ ~r gu i es( 3 pages)
_3 FI r e s

is

S U NNR I Y

Patro grap ht c and X-ray diffraction ana ly sia of two (2) rock cores from Patterson
Branch Selamii Zone and a field a~~~ 1e of comb structured vein quartz arid quart z
b reccl a fr om a w hear to ne has been made to provid, information on roc k fabric for
pur pos.e of correlat ion wi th the s t re s s  history of roc k formations in thi. area.

The rock core from 59.3 to 60.2 feet depth of boring PB-7 is a light grey, medium
gra lned . adanelh it . gne iss (see Figure 1). Mineral compo sition of this rock , based on
X- ray  d i f f ract ion and thin sec ti on ana lyst s , approxima tes the following (see Flat. 1).

Av .ra&. Perc ent Mineral Cou~ ,o ai tt on

Plagi oc las. Felds par 3~
K-?.ld apar (Mic roc lin.) 15
Quart 30
Hnrnblend. 8

- I 
Biotite 7

- c  - - , Magnetit 3

s t  c ,  c Othar (Garnet . etc.)  2

tuna us CH ICILO iv
ai p ivi t o • I PVON( C scat JN RJS

9 Plov 1976 , Ne iheisel to Kancock UNPIIO iv 
w . g. Hancock

S AD - R N  d l  P i e v t ~~u s ed iIio ~i o t  t t l c s ~~~~~ • c ,~~bi~ l O t 8  S tee : 1 o t ~~
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Thin secti on sna ly sia revea ls an interlock ing-granular , g ran ob la e tic t e xture 01
a verage 1 nan grain size (see Figure 2). Although minor fragment a tion of m i n c r a i w  is

wide spread , this rock fabric does not cons t i tut e a cata cl ast i c texture . I~o liat h’n

ii no t apparent in this grano fela gn.lss. Twinning of te ldwp a rs in dicat es variet i es
of andesine and oltgi o cla se in the measured alb i te twinning extinction angles ot the

p la gioclas . fe ld spar g rai ns. Mi croc line is the K-feldspar variety aa disclose d by
the characteristic “grid—iron ” twinning of this mineral (see Figure 2). Quart z Is
generall y finer gralned than the feldspar . and occur . in te r attt ua ll y between f e ld spar.
F .rrovnagn .sian minera l . inc lude both green hornbl ende and black b iot ite which occur In
patchy distribution throug hou t the grouncbaas s. Porph yrob la a te of hornble nda range to

S ian size . Local black magnetite and pink garnet range up to 2 tms grain size and occur
disseminated as minor accessory minera ls in the g~roundmasa.

The rock core from 54.5 to 55.2 feet dop th of boring PB-B is  a greenish grey .
fin e to medium gralned . folia ted , slig htly wea thered , c a t a c l a e t i c  textured . Iic -ir nh lend e

granod i orite gne lee (see Figure 3). Minera l composition of thi s rock core . based on
X-ray diffraction and thin section analy sis , approxim a tes the following (Sec P l a t e  2).

Ave raj~~,~~ercen t Mineral Coinposit.iors

P lag ioclase  Feld ,pa 35
Quar tz 0
Hornblende 10
Bio t it e 10
Chlorite 7
Epido te 
Magne ti t e 
Other (Pyri te , etc.) 

l’htn section anaLyst , reveal . a cat a c l a st l c  tex tu ri compri sed of a g r anu l a ted
g r c undenass of fragmented and rotated feldspa r , quartz , and fer rcwnagneiiian minera ls
(s ee Figure 4). Local ye llow epidote occur , in pro x i ni ic v to hornb lend e att d c h l o r i t e
I n  the grouridinass . This rock t ype does not appear to be a compositiona l v e r i e t - , of
the roc k core from boring PB-7; chief differe nce , in clud e greater and esore va ried

ferromagnes lan mineral. , Ieaeer amoun ts of K-feldspar and more abundant plegtoc las s
feldspar .

The tan , brittle , surface float roc k , field samp le P 1 R H S - l , obtatned from the zone

pos tulated by Scheffler (1976) ae the fault zone which mi gh t be responsib le for the

l~~74 Mb 4 .3 earth quake southeast of the Richard B. Rus se ll darn site Is a comb quart z
and quar tz br eech specime n (see Figure 5). Th u rock f i t s  the description of

Schaffle r ’s “10-rn wid th of comb quarts , quart z breccia , and quartz ni -elon it .” . The
quar tz br ecc ia could be desc ribed as a quartz my loni te which formed at an earlier time
than the comb quar tz which occurs in the veiy loni te host rock as a younger feature w i th

d i storted qua rtz crystal , facing toward the center and forming the q d cart x a tr ’ ,cture

(see Figure 6).  Con ley and Druanond (1965) also consider such y lo ni t e w i t h  comb
quartz to be a result of a brac ciation and vein filling by c rys ta l l i ne  quar tz  occurring

PU PSN tEll-I
1 IRY ~~ ~hei 2 0 1 3

:~~~i~~~~_ , ,.. 

-— —~~~ - --— . ——- —----- ------. —.--— .-- - - - 
~~~~
..—. -



PE100 GR A PHI C REP ORT IC Q SI ’d c PROIE C I Itl(.HAR I.c B. RltS’-,f1. l lcAM , ‘,av ,,iii ,iic Di~~t ‘h i

REI N NO. EN —G S— l 
~ o we 0 2 7 1

lat er tit an the myl ont ti r .at i on . They a t t r I b u t e  tii~ t im e  of the l a t e r  br ,-c , t at ion

a t  ti. ,’ t ilt r a m ylo ni t e as coincident wi th the development of the B lue Ridge t t , n t  during
Te r t i a r y  tine with the vertical movement along o l der  T r t aa r - f c f a u l t s .  The reasc ’ n the

t e ’ r i n r y  age is assigned l i es  in the fac t tha t one of the ul tramyloni le  zones oc curs
at r ite base of the Blue Ridge front In the ate , where W . A . Wh i te  (l950) proposed the
e~~i- c c e n c e  of  iv J e r i t a ry  norma l fault that can be traced over 700 mi les b y f o l l o wing

vi ~ sys tema ti c left handed offset . of 2 to 10 mi les di sp lacement. The T r i a s s i c  age

•~t the quar tz  my l on i te , whtch hc ”ts th. brecciated quartz and comb quart s . is ass i gned
b .cauae this rock is clearl y vu-., ~.r than the lat es t period of I nner i’iev ~~on t defor-

ma t i on and beca u se these rocks (a) transec t reg ional folds and tectonic tol t stl on s ,
(bi are not off set by younger faults , and (c) show no evid .nce of having been me t a-
morphoSed . The br ec ci ati on and vein t i l l i n g  producing the comb s t ru t  L u r e  (I’tgure b)
formed at a later date postulated as Teyt ia rv  t ime which seema reason able in light of

.x% stin g evidence cited and that it is coincident with development ~‘(  t h e  Blue Ridge
fro nt of Ter tiary t ime , it is worth point ing out , however , t hat the time betw.e n the
Tr ias si c and Tertiary time , appr oximately 115 m i l l i o n  y ea rs . Ia  a long duration and

~he Ter t ia ry  age constituting the upper time Interva l c omprise s n e arl y 60 mI l l i o n  y e ars.
Thu,, the age of this fault , to which no absolute date has beeo a ss ig n ed , could be v e r y
so, l en t .

R u t ’ •ences Ci ted

- -‘, t ..-.- , I. F ., and Urcinasond , K. H., 1965 , Lt l t r a n v y l o n i t e  zoo.’. In the we st e rn

c.i r - ,ii na s : Sou th e a s tern Urology, v . 6. p. 20 1- 2 11 .

- ce t f t . r , 1’ . ~ , 19 76 , The McCormick County, Snu th ca r ol i n a , ear t h qci s~ .- c ’!
2 A - c ~~~ et , l9~ 4: i ;eol og lcal  and geophysical invest igat ions; Unpublished H. ~~~. t h e s i s ,
U n Iv e r s i t y  of “u’ th ( .Ar o 1 ins

.~hIt.’ . W .  A . ,  1950 . b lu e Ridge Fro nt , A Fault Scar p :  B u l l .  Geul . Sc’ , . A m e r i c a ,
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Figure 1. Rock core of grey , medium to coarse grained , slightly

weathered , in terlocking-granular adamell ite gne tss t rout 59.3
to 60.2 feet depth of boring PB-7 , Patter son l~rauich Seismic
Zone. This granoblastic tedtured rock displ a ys but minor
mec~~norp hic charac teristics. (SADL 232/9 40) . 
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Fi gure 2. Photonticrograph (50X , Crossed Nicols) of thin section
of adc ’vmellite gneisa from 59.3 f t .  depth of boring PB-7 showing
in te r l o c k i n g  granoblas t ic tex tu re  and d i s c r e t e  a l b i t e  twinn ing
(top) in plagiocla se feldspar and “grid-iro n” tw i n n i n g  in m icro-
d ine (lower right) . (SADL 232/940 )
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— t g u ru  3. H’j rn i ,iorvde .~ne-v ’ t s  f ro ,n ‘~~I. 5  t o  :.- - -~~~ ~~~~~~~ d op t f c  - :
‘- -rin,~ ‘ B — M  , Patters tu Branc h ~ei crc ’ Z~~’~c ~~ t 1 i t ~~~ - ’

mi~~ ra Is co~ s 1st ~t hoj- tiblu ~-de blo c t.- a rcC  - - - - t - -  c ,~ a

g~~,cndma s~ o f i e ld s p a r  and quartz . The ,- . - c - - :i ~~ ~~~ ~ it i --

c .~t~ on of this rock unit is hor nb1e:~de ~ raaod io t~~~o -ne~ ss .
( : AD L  2 3 2 / 9 4 1) .
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uizi re Phc-r oir~crograph (0X . Ctos~ ed Sh o l a c  c - :  t h i n  s . c ~~~1oc1

of hornbl*--cde gnels’, t rout 55 ie~-t depi h o: - - r i t t c , ~ P11-8 ~~~~~~~~~
-,~rq nulated naturo o f  the v n t e r lo c k i n~ gran i A r  and line a ted

groundmaas. Loca l twinning I -  obs ,~rv,’d jut - - ,~~c of ‘~~~~‘
-
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Fi gure 5. Quartz vein and q u a r t z  hruc~~1a t t ) r ’ c  shear zoni- near
Patter son Branch Se ismI c Zone w it h qu :c rt z  V C I ! i  sho’~ing comb
s t r u c t u r e  and open cav1t ’~ and loc al bdt~ded qu .vrtz (onyx).
(sAD!. 28~~/942 )  
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Figure 6. Phot anicrograph (SOX , ~:rus.crd  ~~~r- c j s )  o t  th in cec t in ~
of quartz vein shown in Figcr ’- 5. Lomb sLr uctu ru ’ occurs ,u t

rig ht angles to b a n d i n g  in this f i ssu re  f i l l i n g  which ,lc-eurs f t c

t he most durtortued rock in the area (SADL 2 M ’ / ’~4 2 ) .
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- 2 3  of -.2 —

s a p ro l it e  s t r u c t l l r l -  III I Sect ion F
qu a r t z — f e l d s p c r— h i ’t f t c  

- 
. _

hornh lendt- gneiss -  @ iO, kt ri’ cc? . ~o S p l i ts po c l n  & I - ’ t  tOO Ill 9011

~ 

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Hol. Ho- -~ 11 5

‘—I— 
D I V I SION I N S F A L L A T I O N  IS H E F T  I

DRILLING LOG 111111 1 I c  c i  i ,c c it ic R I 1  IcIl l Il B BIIN . 1 3 0  11 Ii~cm d o t  ~~~~~~~~ s*s f I T S
. .I l I t i  I ~ 10 S I Z ( AN II TY PI  OF H I T  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- .Cl.~ b~ I. ~ I II I 
~~ ip _ 

lI EW~~~7~WTCVVT?l~~N ~ HOW N (fil M . MS~ I

5 -  *‘ ~~ 0~ ’I l~ 1 ~ M11L
1,~ i . ~ - I I I  lillIlt I2 MA N U F A C 1U R E R S 0 ( S I 3 N A T I O N  OF D R I L L

I OI4I I~~ 0 11. 1 3 1  
- jj~ F ai l Ing~ - - - -11- c D i - ’ - i l l  

— _ _ _ ‘~, T O T A L  NO Q~ 0511)  . - 11.- - . : - . F I c D R I 1 3 O R E I
4 -- 1 1  ‘ 4 . 0  ATI * I~~~o I T A  1 1 * 10 BURDEN S A M P L E S  T O O l  N

PB— S - - — - - _____ - — — —

A T ’  (IF ¶ 1 * 4 1  - ~~II ~~ T O T AL NUMB ER C I-IF 5111 IS

~ ~~~ r,y IS E L E V A T I O N  G R O U N D  W A T E R  II 3 , 2
F I l - I  I I - ON t E  H:) 1. E 1 0* 1 1 1 1 1  I C IMP I. * - El)

6 D A T E  M O L E
0 1  1. 1 1  NF l  — DES •RO ~4 A F R O  : 2d~ . .ipL - L - - a~~I4IL 1~

I T . E L F  V A T I C II 0 15 O F  S O L E  1413 . (1 
FF0 55 IE O I , E I 1 I I I IN C E N  10 ——— — — - —  - - - -

- - — — - — -  — lB. TOT AL CORE R E C O V E R Y  FOR BORING S
II I t’ I  * 111 L E D - N  ¶ 1 1 ) 1 1  K 0 — — — .

_____________ 19 . SIG NA  I URE OF I II S P E C  11) 11

‘I ?0 A L  LI U F 1 )  1 HO L F  ~~~ Wi l l I on E. Hariclu k

V - I A F - 5 1 1 ‘1 L E IT IE NO I  CL 655 c r  IC~~1
T i O N  OF~,~~ A T  E R IA L S  R E C O V -  ‘ SAMPLE IL) rcI cc,c ~ co:1

E:A•:X c~.o.. ,Iog,I tc II
- FRY NO o’o.che,IRA, .11.. II . gn l c - -

- -- 
- 

SC , Taic , S i l t S  I l as ’c y  sand , 
- —

- f I c d E - I - r - I i I I I - II R T .~~~~~
—\ r Si  I I I i l l  ~ T IS arid .t c-er tt~bl3 ’ 

~~1. 
q

- q,-~~~ 
1- - 10 CI- : - - t ie t o d.  3j

14 - 4 ~~at~~ ~~~~ 

-

I I  
s. ircdy 

¶ 1 1  t acc I 
~ ~ P

t
~~r

W
i~~~~~~g ~~~~~~

0 ‘T l t l ,d  rEd  c I ~~ 1 S  I 

30
>‘ //CI~~~ñ , ‘ t t l o l t - c n ac cd  ~ed

/ //A m i 05 1 0 4 : 1  c~~~ - c v  W /  Li -

l S I I t l l t lC  - \ 1l -rI .  ~1
—

II 11( r 1’, II l in -, cn 1
. 

- 
I - I v I -r I - I l  I l l  s i l t  I

-II i l l S , Tl i [ i T - I l lus , k al l l nl.
/ 

~~ .~ san d  and silt , coarse - Z.$ -

-

~~~~~~~~~~~~ j U S l O )  w /  1j ~~n j t . l l y S I ¶~
t c c c , ;i it  layer =

c t  - j  I M - /I .tan o r  V I I  l a y e red  w it
-
~ - 

s i l l  - Gr a v e l  come s in (3 =
s t r c ck s  10

- ~~~
- -

~~~~~~ 
- —--- -—

~~
—- i8 =

- ~‘2 s i l t  • tan w/ ocI -as iOf la l - -

- —1. 1.~ 
l i d - l i t l - streaks. 22 —

- 
~-~1I 1 : 1 * 1 1 -Il t- ’  tan highly

I 
- 

rl il - . cc e o c c s  sap ro l i t i ,  —

(s r r l - . I d I r - l e s s )  
‘2 

—
I - 

t c l f i I S I I .hIl tø splitspoon 0 = -

I I I  
I0 .O ’ __ I I

- B I L  0 ’ hll i- I I
I ‘ 0 c c m  - NOT~1: SoI* ~I e l I I  C~~~~ C 1f ~~~d =

I l 1 I . in ~cco rd4 : -~ a t h  t h e  (-a I f l r - t =
T O L l  1 111 F Soi]J Cias~lflcai H-n S~- a I e - ~ . —

-- 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -. --
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Hol. 14., P b—c
— 

D I V I S I O N  I N S T A L L A T I O N  SHOE T i

DRILLING LOG 5UUIH AILAN’l 1 G I gj ( -11.3rd B R I L S S I  I I D oll II 1 s  111 S T E  I 0 .

PR O J E C T  l i o ~ 
S I Z E  A ND TYPE III B~ T S t c I . : 1 - I  i I s : I l I l I l I

_j3
~~~~

5
~~~~ ~~~~~~~~~~ ~ILJ~L,~LL1I~ S1~Liiiy - 

~J-iIC 

~~~~~~~~~~~~ 
t L r V A T I O N  ~HOWN (TIIM I.I ~‘ii-i

I’ it te rson~~~~ani~ ~~ i I c~ I

3 DRILL ING A G E N C Y  
— - _:lI_4 ±1AlLlNd,~ . _ _  _ -I ~ ~~~~~~~~~ Di” tr_L t ________

~~~~~

_ _________ 1 3 .  T O T A L  NO OF O V E R -  I D I IT I.IBBE 0 0 * I~~ I I III, X l  I .
A L E WO (A. .JSoo,c on d,oo-cng ,c l c . ’ B U R D E N  SA M P L E S  T A K E N  

~ 
I

olW Il l. n.onbn~) PB 6 —----——— -—- -- -~~ —~~
--- -—-- . - -

S NAM F OF DRILLER ~~~~~~~~~~~~ ~~~~ 
BOIIES ~~ 3 -

P. Rounl It roe 
IS E L E V A T I O N  G R O U N O W A T E R  32 8 I

01111 T ION OF HOLE ‘ S I A R T E O  - I I 1 M C L F  1 1 1
lB D A T E  HOLE , - - - -

.ç ,. 1 R f l 1 0 1  ‘N L I N ED  
- — 

DES F R O M  ~~~* * !  24Sep~j f~ o St - pt  il 

— — — _ - - _- - — - - — II E L E V A T I O N  TOP OF cl- I l  E 339
I~~c I S E - V oF OV E R s l JRo E N 34  5 ’  — - —-—-_-- — . - - - — . — ——— - - . —

— — — — — . 
— —— — — IS T O T A L  CORE F 1 E C O V E R V  FOR BORING

B C E RT I I  D R I L L E D  I N T O  ROCK 0 
_________ 19 S IG N A I L I R E  O F  I N S P E C T O R  

- -

9 T O T A L  D E P T H  OF 1 I 1  34,5 Wil liam E, Hancock , Ceo I l l  
—I 

C L A S S I F I C A T I O N  OF M A T E R I A L S  % C O R E  BOX OR R E M A R K S
E L E V A T I O N  D E P T H  LEGEND (000sOiplIo */ R E C OV -  S A M P L E  (I) rI cIc,c A 1lI0 ’, 1101,, IT,, -I,,PIL

FRY I NO ,o..Ih,,I na. . c I - . * f . I A c T I D  0- - I
b 1 4 • I I339 — as—-- -

~
-
~~

-
~
-
~~ ~~~~~~

_ - - - ---

4 41. SM—C , Brown to tan , fine

layers  o f  L - I d V L ~V sand . Water t’th Hi t f l - - l og
- ~~~~~ grain si l ty sand with w. ,r. j 0

~~~~~~~~~~~~~~~~~~~~ ~~~~ g~~~~~c I i~ l\  
O !O~~~~~~~~~~ J

= — ______—- 

I Depth to A l  or

10 ~~~//y Cl , r ed—pu rp le  and gray 
-
~~~~~~~ during dr~ - lo g

lean san dy clay .

~i0.5 :hange to SC-C~ 
-

, 

clayey sand w/ fragments

- 

- of feldspar and quartz ,
I) — Possible flinty I-rushed

I rock fragments also . 3
— g r l - v  w/ s t rea ks Ill red

FCR in li-all clay m a t r ix  -
—

tatl , s t r u c t c c r E  less I 113

-13c1111V c l a y  W /  mica — - -_— -

20 / I —

t r  I I at  org it s ics ,FCR
I pre-sC nt
I — l i g n i t i  m a t e r i a l  layered —

ii) I It I UcV , i n l - r l- .csing — — —- - —

I m l  I - I 1 III II II, 
. 

-

I 

f 

~~ t I  l c s  wI 4

1 111 
-
, t ill , Ilighi s T i I c , I c t - I I I c S  

- - - -

- I a t  silt I cye  red w/  - -

~~ 
/ lignite /

I SM 
- 

, T o t , f i n e  pro A I I L I A p p  I

30 - — ¶ — m i c .-]ceous sand , s i l t y .  ,-~~ c o t  4 - -

L tan s II1lIV si l ty grave l S c - c t  ion 1:-
- — — - flr- ’-l c ’ t — ~~~ 1~~

- - -I - - IS la Unified
So I CIa -lfioa: Hn ~~~~~~~ 



- I  101115 I I  01 11011DR I LLING LOG (Cont Sheet) Hole No lI~~~L
A II 

- - — - —— 
1 N0 1 i 1 A  ~II ‘1 

. 
S 

Lc~-~Lan ~arth~ u.s~ e .i Sn4_-i-i~~~i~~r4-as4IA45c - - ~~~~~~~~~~~~~~~~~~~~~~~~~ L~ LJki~L91 (I’ll -

C IA SSIEI (A TI O1I  OF MA’I. EIAI S - ‘-I. CORE R0F 06 1 R E M A R K S

I t i C s - ’  IS It isi - I RECO Y SA M PIB L I - lIlT. 1011* 0 1 1 *  L’II .11/- lI ‘I
-
~ 

. 
I I 

I O 1 * I ~ - tRY 1)0 01.115 - c/ ~I, cfi~ _ * R ? I

i t  Iii 
- Ju” - .~: 

- C0ISt iEEU4S-d ItrEi m paI-IF~ 1. - 
ci 

- 
I 

F

I - , tan sandy s il t y - rcv t- 1
I -~~~ ~T L _ .

I 14!. tan silt . w /  C o lli e roclc
I f r : c gm e n t s

I 
- @ 3 1 .0’ rC- fus 1 in

— - 

/ s i l t w s~cpro lite str ici-tur e

- / i n d i c a t i n g  q u a r t z — m i c a —
- 7 hornblende gneiss , s c p r o —

- 7 l i te very sandy , tan in

- 7 color.

- I Bott om of till- hole at ~4 5  ft
e l e v c t  ion  of  bed r ock  307.5’ .

-\p1I 3

- I l

~~1 1 t lf l  F

.
111 11 

_
_ __ _ _ - t -i ’ ‘

~
‘° 

~~~~~~~~~~~ .~~~ I~~~=_ ’_ . _ i . . . . - -

- .

- - . - - I - .
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r

lois No. P B — i
DIVISION INSTALLATION SHEET

DRILLING LOG 
~~~~~~~ A t l a n t i c  Richa rd B Russel l  Dam and Lake 1o~ ~HEET ~

I PROJECT 10. SIZE AND TY PE OF all MX & s t a n d a r d  sp l it s p o on
Design Ea r t h q u a k e  and Hazard  Study II .~bA TU ~ FOR ELEVATION SHOWN (TBM

2. LOCATION (Coo~d~,.I.. ~ Si. 1o.,) MSL
Patt er son Branch_1~u lt  12 MANUFACTURER S DESIGNATION OF DRILL

3 DRILLING AGENCY 316 Fai ling 
____________________Savannah Distr ic t  

____________________ T O T A L  NO. OF OVER.  IO ~
$T U R S C O  UNO~ J T U N B E D

4 HOLE HO (A. .1,0K,, K,, t h 0 M~ 1111.1 BURDEN SAMPLES T A K E N  24.~.1 ti le n,K,,b.e) P B 7 -—_______________________________ ——

5 NAM E OF DRILL ER 
—. 4 TOT AL NUMBER CORE BOXES 1

IS  E L E V A T I O N  GROUND W A T E R  none encountered
6. ~~~~~~~~~~~~~~~~~~~~~~~~~~~ $~~ A R T E D  I C OMPL E T E D

IS, DATE HOLE
:x~~~~~

V
~~~~

n c
~~~ I 1 I N C L I N E D  D E C .  FROM V E N T .  _j, .2.9S _L30 cnpt 76

fl . ELEVATION TOP OF HOLE ~~~~~~~ 0’
7 THICKNESS OF OVERBURDEN 36.0 ’

~a TOTAL CORE ~. COV ERY FOR BORING 94
e DEPTH DRILLED INTO ROCK 33.0 IS. SIGNATURE OF INSPECTOR 

—

9. T O T A L  DEPTH OF HOLE 69.0 ’ W i l l i a m E Hanco ck
CLASSIFICATION OF MATERIALS % CORE BOX OR R E M A R K S

E L E V A T I ON  DEPTH LEGEND (0 l ~~& 
RECOV- SAMPLE (D,III,n ~~~~~ e~~ e, lo.. . d~pl,l, ol

ERY NO e~~.tl~~r in5. .(o .. •1 ~~~~~~~~~~
a 0~ o d •rrrr ML , red , clay ey sil t 

~~~~~~~~~~~ =
- ~~~~ water tab~s ro~ d 1l i ~ —
- J CL , red , lean clay w i t h  mica 2

i:i~~i 24 hrs. ifter U
4 hole completed . 

100
5~~~ 4/,~ 

.----. -

- -. 50’ 100/0.

—~ 
6 ~~ :c ~~? 5.pt 100 / .9 ’

- ~~~~~ 7 Depth to water
: ..P C , red , fi ne  g ranu la r  sa c’.ur ing dr1l11.’~~~~ 1O O / • 9

10 - . . 8 C/ec~~ -,c lou -
77  like sapro lit e .

~L, red , sil t , powder 9 =
- saprol i te , s t ruc tu re le s s  71 —

10 6 4 -
11 46 —

15 — — ---——— —

- 12
— ,.green grey, structure 60

ferromagnesiums 
- 

13 61

14 100/.8

20—. —

— green gray , structure 15 100/ i .  =
— bio t ite -

16 1001.5
— ———-— ~~~~-.— 17 —

~ SC, white to pink granular —.. 100/ .6
25 - clayey saprolite , 18

pegmatite , qtz.& fldspr.

fl ML , green , structureless 100/ .1  -

- saprolite ~~~~~~~~~ - —

~~~~~ IL continued On pagl 2———— 
~~~~~~~~~ 100/.9

NOTE: Soils field clomsif led App 3 =
- in accordance with the Unifie L 2 /  o f  42

Soil Classification Syste~~ S e c t i o n E
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ORILUNG LOG (Coni Sh •1
1VAT CN TOP 

Hol. No. PB -7_
IIHSTALL~TION 

!~~~~
“ 

—

De si~~~~~~rt h quake and Hazard Stud~ Rich ard B Russell Dam and Lake

IIFVATIO N DIPT II LIGIND 
CLASSIFICATION OF MATIRIALS 

~~~~~~~~ 
(I)~~I!,~.g ,~~~~~ .,.,i., / . . . . J,i~ / ’

UT NO •i, 
~f ~~~~~~~~~

— 
£ I-3L1~

_ -1 ~ •
e

ML , green saprol ite , silt 100/ 1’
structureless ______

2 3 I 100/. 1 ’
—4 -f

35 -~~~ ~j4 
100/.1’

36
~~~1 - ________________________________ 

______ scale change@ 36.0’

39 FM 36.0’ to 59.0’
hole was advanced with rock
bit and catch samp les f ro m
drilling mud was used to
check continunity in stratum

49 - I
---I

59 1 
_ _ _ _ _ __ _ _ _ __ _ _ _  **_ _ _ _ _ _ _ _ _ _ _ _ _

~~~~
T

~~Y~~~Bi ott te_ho rn b1ende quartz .~ 
IFM 59.0’ b 69.0’

- ‘
~~ feldspar— gneiss, granitic Run 10.0’

~~~~
. .

~~~~ cexture , slightly lineated 1 ~Rec 9.4’

with a number of high angle 94 ~L 0.6’

~~~~ 
~~~~~~~ fractures. Pegmatite IRDQ 96%

69 ~~i~2: lens near bottom of hole ________________________ —— -

bottom of hole washed hole cl4ean @ lend of 48 hrs
w.t . stood at 50.0’

~amp1e sent to ‘SAD

~aborartoy for petrograph

~eport
r~ ~~~~~~~~~~ v~i~ h tho UnifiOd
~oi1 C1as~iificatlon ~3ystea..

App 3 
I

28 o f 42
Section E

___ . .

H ~

-

~
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~~~
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N.h No. PB— 8
OIVISION INSTALLATION SHEET 1

DRILLING LOG SOUTH ATLANTIC RICHARD B RUSSELL DAN AND LAKE 10F S H E ET S

I. PROJECT 10. S IZE  AND TYPE OF BIT solits OOfl s amp le r & NX
- II . DATUM FOR ELEVATION ~HOWN (?fl M ~De~~i~~n Earrhip,.~k.~ ~iri d H;~zar d Lu~ly.-.-~~

~ . LOCATION (Coo.dn.t.. or S,.,I. & Mc! _________________

Patterson Branch Fault _____ 12 M A N U FA C T U R E R S DE SIGNATION OF BaILL 
—

I. DRILLING AGENCY 114 FailingSavannah District 
__________ 13 TOTAL P20 OF OVER — IO ~

5T U P S ED UND2 S T UR • E D
A . HOLE NO. (A. .ho.,, o, ~~~~~~~ (HI.! BURDEN SAMPLES TAKEN

- 
PB 8 - 0 - —

S NAME OF DRILLER —- — 14 . TOTAL NUMB ER CORE BOXES
1

IS ELE V A T I O N  GROUND W A T E R

- b.~~~ffi~~~9HfW W~~6L 
- - 

! $T ~~ R T E O  C OM PL ET E D
IA O A T E  HOLE

~~~~~~~~~~~~~~~~~~~~ L ] I B C L I B EO ____________ DEG. FROM ~~~~~~~ i .2.- .,7 _ - - 4 Oct -?-6.. -
— - — Ii E L E V A T I ON TOP OF HOLE
7. THICKNESS OF O V E ROU R O E N  I ——

~~~
— -  — - -—

IA. TOTAL CORE R E C O V E R Y  FOR BORING S
S DEPT H DRILLED INT O ROCK 30.5’ IA . S IGNATUR E OF INSPECTOR

9 T O T A L  OEPTH OF HOLE 61.5’ 
....... Jili. 1i~~m F’ j ~~~~ç c k  (‘~~n1 q’ir~f

CLASSIFICATION OF MATERIALS % CORE BOX OR REMA RK S
ELEVATION DEPTH LEGEND (0 

~~~~~ 
RECOV SAMPLE (DrIII,,. .~ I~~,e. .o.I.r lo... d.pTh oIERY NO. (~~~~(~p(jfl4, .sr. .  .1 .~~n,II0.nI)

O _  - 
d • B -

p” Sc , white , saprolite and

— ~~~~~~~ 
. -  .T._I~~Q.

____

: pegmatite veins in a ~~~~~
- matrix of silt and sand 2l~~~~..~~~ - -— ~~~

a.Oc.L__ 100

~~~~~~~

— 9 ’  ~~~~~~~~~~~

87_ ,r boo
15 100 L.

-/  
100 —

— /  100 —

20 
100 E~_.
100 —

25 _~~~~~~

‘ 

100 —

—:/ 100
100 :

30 — continued on page 2 ~~~~~~~~~~~~

=  
. App 3 — 

SoiI~~~ . ..~, 
29 of 42 —

- Sect ion E —

k~~ 
‘ I - c ~~~~~~~-L ‘k .~. 

_ _ _ _ _ _ _ _ _ _ _ _ _
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-

DRILLING~~~G (COflt m.4~~~~~~~~ 
~~ ~~ L( 

- 

.No~~~~~8
•XOJLCT INSTAl LATION ~ S$If1 2
1~~~~ Ign atLhWJ aJ~~~ ~1 Hazard Study RICHARD B RUSSELL DAN AND LAKE j~~~ 

SHills

ELEVATION DEPTh I L!G(ND 
CLASSIFICATION OF MATERIALS (1)~(IbOj~ ~~~~~~~~~~~~~~~~~ d,p,h 

~1I I SET NO wrath, 10% . rI . •/ ,,g.,/S a~ :j

: .-3k~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~ 
r _L~~ -

T I X  augered out to 31.0’ _ _ __ —

j  Hornblende gneiss , salt and Pull 1 -

--—‘ pepper color , vary saprolitic FM 31.0’ TO 41.0’

- and altered in most of the Run 10.01 -.

-- 

~ 
recovered core . Rec 1.4’ -

35: CL 8.61

I I Recovery 14 % -

ROQ O

4 0 1

1 Pul l 2  
—

9 
FM 41.0’ TO 49.9’

- Run 8.9 1
- I REC 1.0’ -

I CL 7 9 ’
T i Recovery 11%

? 
RDQ O

• 5 Qj  ______________________

~J X~~ Pu11 3 -

1j X .~ 

•
~ ._FM 49.9’ To 51.5’ -

/lost due to bit malfunc ion
7

~ V Pu11 4

5~~~~1V ‘~~
J 

Quartz— feldspar—hornblende FM 51.5’ To 61.5’

-i 1/ gneiss, sound rock, Run 10.0’
- 

V ‘~ - granitic texture , and color . Rec 8.4’
- 

~ 
I,’ CL 1.6’

V LI Recovery 84% - - 
-

- i v y  I RDQ 72 -

6QJ~V v
T~1 v v

-~~~~~~~ -- - .

f Bottom of hole at 61.5 ‘ 

** saPiple sent to 3AD Lab
I ,. ,, - fc~r petrographic report

- - ~~~~~~~~~~~~~~~~~ I .~~I~ I f l 9 j

ln acc.~ ’ ’;” c .“~ :~i th~~[Tnifi ~lSoil Cia~ sli’i~ a t i o n  bystem. -

A p p 3
JO of  42 . 

—

Section E

____ —~~ _ _ : _ ._ __ - - --_ .~~~~~___

~~~~~~~~~~~ ~~~~~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ AJ4



______________________________________________ 
Hol. No. PB—9

DIVISION INSTALLA TION SHEET
DRILLING LOG South At l ant i c Richard H Ku~ se1 I Darn & Lake IOF 2 ~~HECTS

I PROJECT TO. aZ E  AND TYPE OF BIT 5 Its n&
Design Earthquake and Hazard Study ~~~~~~~~~~~~~~~~~~~~~~~~

2 LOCA T$ON (C..~d.,.t.. o, S( Iiop) MS 1.
TI5FF..rOrIrI Rr~~n.’h Faiil t — IT. MANUFAC T URER S DESIGNATION OP OR~LL

3. DRILLING AGENCY
1112 F’ i l lxj g

Savanna h District IS. TOTAL NO OF OVEM- Io ~~~ *,l~~~~
D 0 0 0 I S TU RS E D

4 HOLE NO. (A. .M.o,, or, dr..0aflI i~•i.I •UNDEN SAMPLES T A K E N..~~~tII. n..,b.r ) PB— 9 —-----—--
~ I i

S N A M E OF DR I L L ER 
IA. T OTAL NUMBER CORE BOXES 

—~~~~~
IS. E L E V A T I O N  GROUNO W A T E R  ~~J

P Roiind t ree ________________________ _______________________________ ________________

S. DIRECTION OF HOLE ! I I A R TE D  I C O M P L E Y C O

- - 
~~j 1~~ E R T . C A L  f l I N C L I BE D  ___________ DE S F R O  V E R Y  

IA. DATE HOLE 
— 

27 Sept 16 27 Sept 76

17. ELEVAT ION TOP OF ROLE 33q. 2
7. TH ICKN ESS OF OVERBURDEN 22 5’— IL TOTAL CORE R E C O V E R Y  FOR BORING
S. DEPTH DRILLED INTO ROCK 4 3 .5’ IL SIGNATURE OF INSPECTOR 

-— —

9. TOTAL O E P T HO F IIOLE 7 1.0 ’ Dan Waltz 
_______________________

CLASSIFICATION OF MAT ERIALS S CORE BOX OR R E M A R K S
ELEVATION DEPTH LEGEND (fl..orIpIion) R ECOV- SAMPLE (D~IIIo,~ lImo. 0.0*0, 20... d.p* h ol

ERY NO- m..LIm.204. 4*0.. It .,gr.ItI c.nC)
• b c 4 • f 

_____________

~~~~~~ i ML , brown to black silt wf
I nodules of wad

- w. T. /8.o .- ~~

lean 

du~ 1ng dril1thg

—

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

: 
~ 1~~red s f lt  w i th  some

10 sand and mica water table ~~~~~~~ — -

_~~~~~hrs . after =

H . hol.o completed’.

: GC , gray brown , clayey 
—

15 _ grave l with sand.

-~~~~ pebble size . =
SC, gray brown , clayoy sand

SP , brown , coarse grain 
—

sand hole caved in t o  10’
20— —-___________ ~~~~~~~~~~~~~~~~~~ 

. moved over ,cased t
— ML , lean silt , brown 19.5’ and continued —

resembles sapro lite

2 5~ T —

saprolite , quartz— feldsp ir
biotite , hornblende
gnelss

30 : continued on page 2 =
= NOTE : Soile f io]~1 o]i’~eifi~~In aocordance w i t h  Vi e Unifi App 1

Soil Classification System. 31 ~f 42 :
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..a’——~~ o Q*,-~a4,.ar.. r~~~~ 

P.  - - •  ———-.-—.—- —

DRILLING LOG (Cant Sh.&,[ILIVATIOH tOP 01 HO~I Hole No. Pb -9 -~~~~~~~~

ir d B R us s e l l  Dam m d  l ake 
N5T~~~~~~~~~j g~ Farthquake and Hazard

ELEV ATION DEPTH LEGEND 
CLASSIFICATION OF MATERIALS RECOV SAMPL( (l)~ith1.j i.o... w . ar’ / .  d.p,’- f

I o,,,,*I0I. sv NO worlb.r.•g. rI. . ~J ~~~~~~~~
- 

r I  P

• . DrilI*d30.O’ to 61.0’
- - checked subsur face every 10’

- with drive .

40 .1. [ 
_____  

I

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~neiss

_ _ _ _ _ _ _  ____—_____

‘‘1 QtIartz—hiotIte—fe 1dspar— hornh~lende ~neiss
:

- ______ — .------ —-~~~~~- ——- —•.- ----- - .—-

_ _

. H ~1 Q u a r t z — f e  l ds p a r— b to t it e —  - 
- Pull I

- ~.. hornblende gneiss , weathered FM 61.O’-71 0’

- .~ 
. .‘ badl y. Run 10.0’

~~~~ V 20% 1 Rec 2.01

7a ~~ ,
• 

loss 8.0’
_ _ _ _ _ _ _ _ _ _ _ _ _  --

b o t t t n i  o f  hole 7 1.0’

‘ I ” .- r~~~1~ I~ 

-

i ifl f lc rca • -. ., -., ‘ I -h thu tJfl if1~d -
Soil LII:•..~ tLai1~n System.

A p p 3
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DEPARTMENT o~ the INTERIOR
n e w s  r e l e a s e

GEOLOGICAL SURVEY Frank Forrester  (703) 860—7444

For release: November 18, 1976

FAUL T MOVEMENT IN GEORGIA NOT AS RECENT AS BELIEVED

New studies of the Belair fault zone near Augusta , Ga., indicate

• that movement along the fault may not have taken place within the last

2,500 years as previously concluded. Nevertheless , movement is known

to have occurred sometime within the last 50 million years, the U.S.

Geological Survey , Department of the Interior , said today.

The new data casts doubt on the significance of radiocarbon dates of
organic matter in sediments cut by one of the faults in the Belair fault
zone. It now appears that the dated material may have been contaminated
by modern tree roots and that the enclosing sediments may not be as young
as originally thought.

Recent studies —— including the detailed examination of a new trench
400 feet long and 15 feet deep dug across the fault zone this past October ——
indicate that the organic matter which was dated in an earlier study (USGS
Open File Report 75—680 announced by press release of January 12, 1976)
did not give a reliable age on the last movement of the fault.

The importance of determining fault movements in parts of the eastern
United States was emphasized by Dr. Henry Coulter , USGS Assistant Director
for Environmental Conservation at the Survey ’s National Center , Reston , Va.

“Recent movement along such faults ,” Coulter said , “would have
significant scientific and engineering implications. It is important to
identify and determine the geographic distribution of geologic processes
that might affect the safe siting of nuclear power reactors and other
large engineered structures.

“The findings earlier this year Indicating recent movement along the
Belair fault zone were most unusual ,” Coulter said , ‘ because most fault
movements in the southeastern United States are believed to be older than
180 million years. The new studies cast doubt on the evidence for very
recent movement.”

(more)
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Coulter said that studies of the Belair fault zone are still continuing
in efforts to bracket more closely the age of the last movement along the
fault zone. “At present ,” he said , “we can only conclude that the fault
move d sometime after the Eocene (about 50 millIon yeara ado).

“This new evidence ,” Coulter said , “emphasizes the need to better
• understand the tectonic framework and relationships in the eastern United

S ta t e s , and to try to determine If such faulting occurred as distinct
seismic events or as slow , continuous movement. No clearcut relationship
between faulting and earthquakes has been determined in the eastern States
such as has been established in California and other western States.”

Coulter said that additional geologic mapping and investigations are
continuing throughout the area surrounding the Belair fault zone. Current
efforts , he said , involve a variety of techniques , Including structural
analysis , magnetostratigraphy, and detailed analysis of soils , to determine
the age of the oldest undisturbed material resting on the fault.

Coulter said the USGS plans to release a detailed map of the wall
of the  October trench in the near future. The map will show relative
positions of the faults , Piedmont rocks, Coastal Plain sediments , and the
overlying sediments and soils as they were mapped in the trench wall.

Studies of the Belair fault zone are part of the U.S. Geological Survey ’s
Reactor Hazards Research Program , aimed at obtaining data that will be helpful
to the public and government agencies involved in making decisions concerning
the design , siting, and construction of large structures.

II # # It

(See attached map showing loca tion
of Belair fault zone.)
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F&M File

EN— F -~ Fort 0si~~~, ~~, ~~i*lr Fault
XX ThRU E) -F ElI’4~ l e l~ r 7 6

Is’. T l . ~~/~~~/31l

1T~ EN

1. in 1974. enic. O’Connor, ~.tho ~~s thee of ~ ~ er~$a Steto (au1.,lcs$ Survey.
dI,coverejd a fault In th. 1.1.1 , shal, pit of ~a ~~~~~~ Viv ifi ed ~rlck sid
Clay Cc.i~ any . This p it  Is l~~atsd adja~~~t to (

~ to No, $ (*7Mnns Gets) sf
Fort E~cr*’ - f ince tha t time . the b . S. 3sologlc.l Seri’sy, In coop.r.t ion w I’

~ 
C, ’o r’~~s ~ t-i t e Survcv, h~s be’jun an extensive In .tiqetmne. lechiding borings

ta’~en on Fort Gor~b~. The s tudl•s idiich they 1w~ ~~~~tetod indt*ate nnvausnt
alon g this fau lt In the last 2.500 years and possibly ~~ as 9’ of ~~vs~~ t
in the last ~OO ~~~rs. The fault doss not c~ c~lr as aea strs1~bt plans but consists
of ~-~ffse ts and a sarI.~ of an echelon fault planes. For this ranuos it has net
he~ n ‘ossible to precisel y predict the s~~et location of d~ fault in any res
which has not b~~i extensively I w,eo C I gstsd (an. the a t~~~..d 1.t~~r). I ~~~~ver
V-e  fault reportedly does oxtond either wider or very ci... to Uw nee ~isenhce.r
lo~p1t l. It ii the op inion of the prIauIpaI LAGS hwsstigstor , Dr. vivId Pr~~sII ,
that the fault does not trend wider the huspital but Is slightly ~~~t .1 the
‘~o p Ita I as sham on the .t~~~hsd shmtd~.

)~ to lqht of the id~ou. It ~ plannsd to ~~~ry several of the borlnqs C-u be
for  the Fart r.o,dsn ~~g1ore ) Oenal Clinic (nau proposed to be i~~~t .d sou t lenst
of the hospital) reich despsr tI~~ im ~~*~ld t*~A OO~~S1 ly. in addi t in, I
roccx rmnnd that If fends non be ande ~~~l ithie (appienlaste -ly $9,G00) , ,.vere I
deep borings ~Peiuid be node in the vklnlty of the leapital. 43. shield alio con-
tinue tc cooperate w ith ~~ctors Prowull ant O’Can~ r so that wu noy hive access
to thei r sost recant opinions concerning Cii. possibility of ~~ ecent along the
fsuit.

Thi s , In my opinion, is a rs$nlrnas that ths District sha.ld do to be on top of
t’~e latest thinking of the rasanrcl srs ~~rk leg In the area. There hay, been a
rash of iow,~~~sr art icles recently caeasn~Ing rth~sf’te and faults In the
CIar~ ;ill ~ csrveIr area and wu may be qiostluned conosreing this B.l-air FaviP and
the io’cslblflty of denger to the Elssst~~~r }

~~plt l. Th Is w ill aid us I. having
oer reply ready.

2 Inci 
~0eEI~ C. ST?d1~ FtEtD

as 
~~~~~~ ~~~~~~~~ ~~~~~~~~~~

CF:
E~...?%*, At tnt ?t’. MdCanzl.

A PP 3
1 ‘ I

S*~ , 1 1 0 0

~~~0~~~~~~•~ -~~~- - - . 0 .~~~~~- 

j

~ 

~~~ 1~.~~~~ -— ~~~~~~~~~~~ ~~ 
~~~~~~~~~~~~~ 0

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



~ ‘~ - -~~ ——~ - - - —  ~~~—•- - - - - -~~~~~~~~~~~~~~~~ --~~~~~~~~~~~~~~~~~~~~ -- 

~ —.

( fl itc(! 
‘-‘t R\ ’ I V  

I ~ teri ( 11

R I - ~S l ’  )~‘. \‘IR ( ;I~\I.\

- tO~~ -

j olT - r u - t r y  18 , l97~

Earl Titcomb e
Savannah D i s t r i c t  Corps of L t ~ ineers
P. 0. Box 889
Savannah , Georgia 3lt~02

Dear Earl :

I am wr i t ing  you in response to a call I got from Bruce 0 ’Conn ~ r
concerning the location of the Belair Fault on Fort Gordon in Augusta.
Since the  U . S . G . S .  did most of the dr i l l i n g ,  I us - m n w - - r u ~~ ‘- i -

request .

T~ic enclosed mun is a composite of the  flr~ vo t c-wn an d Augus t a  ~-,‘ cst 7 .5
m inute  topograp hic maps showing the locat~ tn of s tr a t e g i c  d r il l  hoL-s .
The red numbers represent the  elevation (above :n~e level)  of t h o  P~~- - ~ -
mont—Coastal  Plain unconfo rmi ty .  This should enuh le  you to on~ r o x i m t
the elevation of the unconformi ty  in the area of your test d r il l in g .
The vertical displacement on the faul t  nor th  of the golf course should
be about t4 5 to 50 feet . I do not th ink  t i t u~ -,~‘:-u w i ll  hay ’ - ~i t v  d i f f in u i t !
in de te rmin ing  w h e t h e r  you are on the up or down ~ ici ’~ . Y ’ u  n t - ,’ , t o - ~~v”r ,
f in d it d i f f i cu l t  to determine where the fau l t :  c ’ i t t ;  the  surface w it  : ;out
extens ive  inves t igat ion . I have drawn a dashed ye l l ow  l ine  on t b -  na~
to indicate where I t h ink  the fault  in located - i ’ ; su r - ’in ~ it is a
sing le shear. I urge tha t  you use caution in dot er t l i n i n g  the s p e c i fi c
location of the faul t  from our data .

I am very in teres ted in the r e su l t t t  of -tour d r i l l i n g  and I would ~~ r re-
ciate having  cn~’ieu of the well logs . Also , w v m i t o r i a l  tha t  von rec vor
which mi ght conta in  spores or pollen , w e would 1 ke to ana l yze . I I  I an
be of furt he r ass ist ance to you , feel f ree to contact me at 703_ 860_ 6 146 . .

Yours trul ’; ,

- 
~~~~~~

David Prowell

End .

‘40’-uT104,

App 3
5 of 23
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- / / IloI. No . C5 3
DIVIS ION IN S T A L L A T I O N  IS HEET I

DR IL LIN G LOG .5~ori 1~H ATLANTJ ~~~ F T. GORDON , ~ A - b E  ~ SHEETS

1 PROIECT b S I Z E  AND TYPE OF BI1~/ J/1q~~J p
DENTAL CLIN/.~ ~~~~~~~~~~~ _~~~~_~~~~~~~~~__ ~~~~~~ FOR E LEVATION S~IÔ W H ( .~ Al )4j ~,5 coec rn -

2 LOCATION (C ,.dj.. *.. 0 SI.IIO& 7R M  ______

12 MAN UFACTURER S DES IGNATION OF DRILL 
-

3. DRILLING A G E N C Y  FAl l_ / lb/C 314_
S1JI/AAWAE DISTRI~1i _________ IS TOT A L NO OF O V E R .  I O YU~~ E~ 

UVI DII rUN ~ ED 
-

4. HOLE NO (.4. .1~~.,.. R ~~ II( I• HURDEN SAMPLES T A K E N
•nd III. f lI .bVVI - I c_I

S NAME OF DRILL ER ~~~~~~~ 
- —— — - - — - ---~~~~~~~~~~~~ — - — 4 TOTAL NUMBER CORE B OXES 2A

IS E L E V A T I ON GROUND W A T E RT. .ceorr ____ _________  _____ -

A DIRECTION OF HOLE SY  ~~R Y E O  COI4I-~~ I
IA OA T E  HOLE

LXI V E R Y  - C ~ I [J I NC I VI ED ___________ 0 EG F 0~~ Y E W  Y 
___________ 22 .TU’-Y if 7~ ; 12 ,~

i
~~ L~7 Jf7~

17 E L E V A T I O N  TOP OF HOLE
THIC KNESS OF O V E R B U R D E N  i — - — ————--- -- ---- 

~~
- - —— - --- -

IA T O T A L  CORE R E C O V E R Y  FOR BORING 
~~~~~~~ 

S
A D E P T H  D R I L L E D  I N T O  ROC K 

~/ . 2 IS S I G N A T U R E  OF INSPECTOR 
-

9. T O T A L  O EPT N  OF H O LE 223, ~~ • f ~~ 
ILLE _____________________ —

ELEVATION [~~~~

’

~~~ ILE GEN D 
CLASS I~~ICA~~ 0N OF MATE R IA&.5 

~~~ SAMPLE (DOD. I~~~ •~~~~~ IW ’

_______  
V 

____________________  _______  ____-.8

~~~~~ 

—

-H s.v- DW’ 8iawA’, ~~oI5t Mfa

T i7L TY 1C/i/( JI9ND ~~~~~~~ 
I 2~- ~~~~~ SP-L/ ~ HT IROwN, L ’T. 23/2 —

- ::::n::: POORLY 6RIQDeD .cAND Date 22 7~~ 7(~ 30
— :::::z : I f O  2 Depth to water ~~~ = 

___________________________ dur in€ dri1l~ ng

~ I~”~~°’ .3
= 7 

SILTY , 1’/W ~~ To A~’EDIUM w. T. ~ 4~~ ’ =
• 5*10 Water table reading 13

= 4 ~~~ hrs . after 
~~~~ 

=
hole completed.

- 2 o -

- 20

72 ~
/5----.

3 0 -

RED AND &i ’N/ rE 7. ’t 6 4o :
-

RED

= SP - RED ~N0 WHi re :
:~~~~ 

POORL Y 
~~ Q0ED SAND 7

A p p  3 /8 1.
- 

J IL.Tp’
, PINE TO MEDIuM 

7 of 2 3  
,~~~

- :
= .ç,q,~~ Se c t i o n  F 

~~~ :30 — —~oNrhyueD OW SHEET ~2 — — — ____ ____ — -

.ALOWS PER FOOTi —

NOTE : Soi ls  f i e l d  c1asslfTied Nu bor ro~ sj r ed to~~~.- ro =
in accordance with the Unifie L l~~ ID 9 r - l i t ’ r ~~~ n sv ,- 143 ll~

— Soil Classification System . ~a ~er f a i l i n g  ~3 ’ ,

~~~
, 

4
___ — . , , , ~- — —
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DRILL ING LOG (Cont Sheet)~~ 
1110N TOP HOST 

- 1.Z&4 
- 

Hole No ~~~ — ——
P101- - INSTALLAT ION 511111 2

NJ R .~~ C~~iN I C  - - El~_~~~~ tT1~0N .. ~Li~~ -_~ - -‘1 ~~~~~~~
CEA SS IFICATI O N OP MATER IA LS 

- 
~. S CIII R I t A  Ok I II AI V IS I

ELI ~-0 - - . DLPTI -4 f I~~EN L- - - A l L Oy  I SAM PLE - T I . . ‘ .“ ~ I ‘p / s f
_ - - IRS NO 1~~1~~~~ 

-‘ ,3O~’ ~ i 
- - 

I ,t ~~~jjj~
~~~~~ 5~~~01ftIN~ lJ, 

-

POoRLY ~ seso~-o s.~.io
4/

-MO TTL R60 AND WHITE , 
~~ ~~~~~~ I CORMI6 31-0’ 4~/ 7/  K CL/N CLAY, so~r AND p~~~ #‘/

C/ I ~~~~~~Y Wi/EN ORY 310 ’ 10 390 ’
-/ / //  RUW ,YO ’ Rec 2 6 ’

____ 
CL O.4~

~~ X P~I L L  ~~‘2
.3T.O’ To 445 ’

///j 73 ROA/ 55 ’ ,qe-c 4.o ’CL i c ’ -

-7 _ _ _ _ _ _ _ _ _ _ _ _ _ _

45 / 
PULL #3

// 44c ’ To 4B0 ’
- Ru~, 3.-c ’ REC 2.1’

///_ _ _ _ _ _ _ _ _ _ _ _ _ _  ____  

CL / 4’

‘,~jgeo. w,,’,r e2 Pu pLE, rncAceov .S ëo~
~~~~~ 7/ ’/ ,WHITE , ~~~~~ 

2 48. 0 ’ T~ 53.~~’eON 5.0,’ ~RE~C ~2 ’
/ / /  i CL

~~~~~~~~~~~~~~~ 
PU L L  ~ 5

5~ 
///jcrnc SI~ND 

- 
53.o 70 58.0 ’

# ~~ irç FIsVE ~~~~~~~~~ita~e~~~ 76 RUN .5~ 0’ gee 3.8’
- 

• ~~~~~~5f t / J- L / 6 /t-r ~~ nv , CL 1-2 ’

4 
~ P)?6~’/~IM TO COSRR.~EJ SaX

- 5/z rV , M/~~~~~ Cu~
- SAND PULL ~~~

I d o ’ ro 
~3.o’

4 ~ ORANGC - 76 RUN 50’ .~F C  3.~~’
- — 

CL 1.4 ’
L/1

~
,,t/7 G~cnY ____________________________ 

- -

PULL ~~7
1 ____________ ~3. () ‘ To ~ B. 0 ’
‘CL- 14/I//IC .W/ rI1 0R.ANI~C ~7o I RON .50 ’ ~~~~ 4 5 I

/

/ MO1IL,~~~ /(/90L/N CL,9J’ 
Box - Cl.. 0.5’

/ ,‘ PULl- ~ 8 co5 ’r ”ueo
- 78 - ~~‘.o ’ To 730’

70 cowr,NI./Eo ON .s-WC ET ~~3 — —

A pp  3
h ~ f f l  -~
S I ’ S T [ t L  F I : -

__ j - .- - -
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ILIYATIOVI lOP Of HOLIDRILLING LOG (Cont_Sheet) 1 
-- —

15 I INSTALLATION “I I 3
L I ~~~~~ 4J~LL~~, ~~. - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~YII

IL EVAT I ON DEPTH LIG~NO 
CLA SSIPICAT iON O~ MAT E RIA L S 

¶.COkI IOX O~ RE MAR KS

C L -W HI T E  II ’/r/? 0ea~J c C  ~RUN 5.0’ REC 3,9 ’

~~~~~~~~~~~ K4o~~ ,’ CLA Y - 
Cl. I. I ’

~~~~~~~~~~~~ 
PULL # q
73.0 ’ TO 78 0’

-

~~ / 80X 
Ru/v 

~~~~~~~~ Ace ~9.4 ’

_ _ _ _ _ _ _ _  
- - S I

L/ &/ / I 8,Q0w,v 
_____  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

61AY WI TH 0lb’,qN~~e 
I P1.’LL. ~~/0

~~~~~~~
- ///~

, MOTTLING, SOME 
~~INC - 76.0 ’ ro 83.0 ’

SAND /0 0 RUN 5.0’ ~QEc çç’
C~ o.g ’

I 
#11

S,~~- L / G / / r  c .eAV, - ~~~~~~~ TO 68.0 ’
TO CoAR~~

- 
- 

RUN 5.0 ’ IqEC 4 4 ’
I i 

MICA CEOo,c SILTY SAND ~~~ 
- 

CL 
~~~~

- 
ANGULAR ‘~ I

-

~~~ 
- 

C - GRAY WITH ~ ED 
- 

PULL ~~/2
- 

9~ 

~~~~~~~~~~~~~~ 7~ 
~~eoitrni 

I ‘
~~~L 

To 93.0’  
/ 

—

LENSES OF COAA~ E (CJART2 
- CL 0.4. ’

SI” - &R.QY, ~flOT7 L.~~ OR4t,’(,E r - - PULL ~~/3 -
SAND 1 1”CACEO LI.S, S/tT~~

’ 
- 930 ’ ro q1q ‘

- “7eoIU~t’?, M’7T&qL,qYegeD I~ 

. 0

- M//rh’ C0,~.Q�6 SANDS #9N0 36 RUN 5.0 ’ IQEC ~~~~I - GRAVELS AND CL KAOLIN I - CL .~~ 2’
cLny I

__________________________  I PULL ~*/4- 
-

j ’ ”/~ m,~ ,ccE~tis~ IC,wLIN.. CL A Y I 76 I ?8.o To /01.5 ’
/00 -- - 

~VN ‘? C ?
Sm-GRAY - I CC. 0 8 ’

I F /WE TO MEDIUM , SILT Y SOT 
~~~ ~~,- 

SAND, WI7W SOME 6A’4VEL3 /01 ‘‘ /
- AND COAiQ& C S4W0~ 

I . TO /01..5 -

VER Y Ifl ICACEOUS, ~z-~oe - 7~ 
Ro’v .co’ REC 1.8’

OF / ~~~ Vy m ’4/EAAL S - -CL 1.2’ -

I SOME 0A~~AAJ/ ~~~ 
-

PULL #/6 
- -  -- gax ,io~~ ç ’ TO / 11,5 ’

- /00 q RUN 5.0’ I~EC 5 4’
I /O CCN T/NuE D 06’ SWEET ~ # ,~ “ 5

~1
I CG

- 
A pp i

- 

I 

lI S T !  2 1
SE- s t  SI lT )  F -

-- -. - -- - L -  - - - -

~

1

~

- .-
~z±. ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~::‘::. :~. _— -
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D R IL U NG LOG (Cont Sheet)
V1 VAIKN 101 lI 11OII 

- -  - 
Hole No ~~~~~

-  INS T A L L A T I O N  . 4
Q~~NT~~L. CLi i~ic. ~~~ _ 1 E T ._~~OR Qo~i � A~~~~ — 

q .“ O

- 

1.1 s N D E P T H 0- ;INO 
CLASSIFICA~ION O~ MATERIAL S RA COV I SAMPLE ‘

;
‘
~~; 
.
..;; ,; ‘ ., :,,., ,,~~~ 

-,

I’ .1 I K

~/ 0  - - ~~~~~~ ‘ PUL L. .*/6 cONfINU(.D

~~+a ~~~~~~~~~ Box
- F/A1~~ TO MEDIUM SICTY q PU L L  #/7

- • 4 5s9N0 W’r/ ~ SOI.IE 6LQ.4 V€LS Ill ~~ ‘ To //~~~. ~~
- ‘

- 1~NO COAA~~~~ SANDS ____ 
guN So ’ I€(C 3.8 ’/ 15  

- 4 /fl/C~~~~~~~~~~~~~~~
- T.q.qc~ 

CL / 2 ’

- 

‘r , ~ ~~ I/CAY V / ‘1/4’ER4~~
. 

— 

POLL ~~~
-
~ 

4 ~ So~~~ 0AGA N/C � 
/ 

1/C. 5 ’ 10 / 2/  s ’

/0 
VA’ So Rf.~c 4o ’

/20 - C’L / o 1

+1 PUL L ‘~ / 9
- 

~~~, _ /2/ . .S ’ ra /26.J~’
4 RUN s.o’ REC 4.8 ’/ 25 CL 0.2 ’

POLL ~ 20
I 

24 
- 

s~x /26.5 ’ To i~ ,..c ’,, RQ~) 5.0’ R.~c 1.2 ’/30 1 ~‘l- .36’
- 

L LI6/IT 3ROWAf ____

POLL #2/•i  SiV-G44 Y 
-- 

~~~~~~~~ F/N E MEDIUM S/try ~~ 
131,5 To /3~~5 I

54/i/O - - 
RON 5.0’ gee

‘ 
_____ CL 0.3 ’ -

- ff~PCK TO DARK MoWN, - P OLL 
~~22

1 4 OR~ AAf/C SILTS, F~/NE TO MEDI*7 13
~..c ’ To /4./- - SANDS RooTs AND WOOD c.g,P~ 

.5
I INrERkODED COAl TACT WIT/I i 46 1 - RUN 5.0’ i~’EC 23 ’ - 

- -/40 + ~~~~~~~/~vG SAND (C.44 ~SoA/ O~ TE I 
- Box CL. 2. 7 ’

- 
I LIG/,j7 &~4Y /2

- F/WE T~ M6D/VM I PULL ~~23 - -

II I S/LTY M/CpO~~o~ .~ /41.5 To
- .€~/A/ 50 ’ Ree 

~~4 ’I 
/ ~~~ 

_
I CL I, g I 

-

- 
/47 2 — /5/.~~~~~~

’ 
I ______________________ 

-

f So~~~ 014N 6E STREAKS I ~~~~ /lCL ~~~~~ / - -

¶ I I/4~~~,ç / ro is’. .c4 9o 80x !ALW 3o ’ 1(Ec 4-c ’

/50 -
~
_

~~~~ 

~t~
.
~~

COwr/NuEO ow ~~~~ r ~~~~ 
‘ ~~~~~~~ ~~~~~~~~~ £~~~L~ — — —

I’~ p1I I - I

I 

-

I I  o f  2 3
S I L t  F

151.1.~ - . -
~~. - 

— ,  

- : :‘. .: .- ~~~~~ - ~.‘I.~./tL ’-’ ..~IS • ‘ -  -~~~~~‘L_~ ~~~~~~~~~~ 
—

- — .- --.-- -~~---.- - - ~~— - . __ . — .... .—.~~
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DRILLING LOG (Cont Sheet)~~~
T
~~ 

TOP Of IIOU 

- -— - —

PV O LE(T 
— - —

~~ 

- - — - - 
INS TA L L A T I O N  SN.. 5

— DENTAL ~L ~~~~~~~~~~~~~~~~~~~~~~~~~~~  
o f  SAIl S

— 
f CORE R O y OR Rtu.J’ S

I CLASSI FICATION OF MATERIALS • 
OS SAMPLE ILI,,/Ip.y L~~~ , 5 . I.l I J,/.,I .1

a d 
- - 

REC 

I 
- 

g

ELEVATION DEPTH LEGEND I ~~~ ‘,p’.s”) A RT NO 
- 

~~~~~~~ I~~~~~ I l I - • ~lI~ 551  -

- 

~~~ Sm- L/1 1/r G4~9Y, m/ CACEOO5 PULL - 2 4  coNTrnuEo

- /4 7.2’ - /5/ 5’ so,~~ oR4W~ C 
- 

PUL L #25
- 

~~~~~

1,

_

I F/Ne To ,,,(O,um, SILTy I

- 

-: ~~~~~~~~~~~ 
STRCALk.S, 

I 

/ ~ ~~~~~~~~ 

~~~~~ . ~~ 
/

/ 5J
_ 
//j4 KAOLIN CLAP 5

I 

0.-c
I 

___________________________________

I 
_______________________

I MH-L/S/Ir 8Rob~rn , PULL ‘#2~I SoFr wc r SILT I - - ~~~ ro j~ i. ~~~
F I -‘ ~~O RVN .~~~ ’ R6C .j~c ’

-~~ 
S m- L I( ’I/ r  GRAY 

- 
Box CL 2,0 ’

F/A/C 7~O mEDIUM GRA/NeD 14- -

— I SILTY, IflICROEov.ç SAND, PULL 
~ 27I - -  

I 
5om~~ ~~~aL/N CL.4y 8ALLS I ,~ i 5

.
~ 7~ /11 5 ’UP To 

~~ “ Drnmgre4 / 00 Ro,v .c. c ’ ~~cc s. ~~ ‘
C6 O.~~~’

I ,5’o~ 
PUL L 

~~28
- I j~ç ICES ’ To I7i . ”

I I / 0 0  ~~~ So ’ REC sc ’170 I 

- 

-
_
Cc, o.c ’

- - - -

. PULL #29 -

q2 /7 / . 5 ’ TO / 7C ~5 /
I : - 9o~’ 

RUN £0 ’ IZEC 4,~~’- CL 0. 4’ -

- 
- 

PULL #30
FINE &A’AV5L * VERY CoAREE SAND /

‘,,/ CL - 6RAY t4orrLEDYel.I~ow,Hapj, /2~.J TO / g/. 5

~~~° 

%~~ AWk R6Q .coAqE oW4w6E~~~~
___ 

RUN So’ REC 5.2’

j~’/// AND iv,I/re MOTTL IN G 
PUL L 3/

26 
I

f 9ç /7 ct j~~ ’
- 

~~~~~~~

CM- pAOWN # WN7T6, kLIOL~W CLAY - 

POL L ~~32
_ _ _ _ _ _ _ _ _ _ _ _  - 

CL 1. 9 ’  ~~~~~~~~~~~
/ 9 0  

- 
coNrI/lUco ow S/IteT 

~~‘ 
— —  — ——

- I I \ ; Ip

S - - - 

S~~ 
t i (~I 1 F

- 
—-- -

~~~ 

-5—”- - —
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ORIW NG LOG (Cent Sheet) I I h l
~~

TION TOP OF HOLE 

~~~~~~~ ~~~- 
INSTALL AT KI)N S T E E TI l l 

~~~~~CORE~~~O ORi REMARKS
CIASSIPICATION Of MATER IALS I RECOY SAMPLE I II).,/bVg “ A. ’ A.”’ l I .  O/ 11 ./15 1 P’ .I I AOLT- .LI I I)VA V,~ S.N5 ) - ERY NO I ‘T ~/ ‘ A ’”I . 11’ II

- - d I $

~~~ CL - PUL L ~~32 Co,J T/Nvgj ’
A Co/I riti’ L/ ~~O Ir” Sfi - /. ,~~ r GRA Y  To ti~~ ir 

POL L #33
I - Pu~qp~~~ miD/m w 70 F/NE I a-, I 

~~~~~ .5~~~
’ TO1 - ~~R.Q/NEp SILrY 4/CRCE.w.ç ‘

~~ 8o~’ 
RUN So ’ RcC 4. (0 ’

,~~~~
- SAN D, L ENS(5 o~~ C/I /g CL i.’. 4 ’

L/GH T ~R~ v moTTLeD oaAWGE, I POLL ~~34
I m/ CA C€ O U S, SAND, /NPj~gEOD~ p - /9~~~~’ 7~O 2o1. s ’- WIT/I 8W~ QLJART.z GRAYELS I - / /I I 1h0 TO JP2” O/AM(T64 I I RI/Al So g~~~200 

I CL o.s+ L / 6 # 1 T  GRA Y SoME / ‘~z ” -

O,Am~.-re,~ QUAR TZ 
~~ 4VEt ç 

BoX POLL ~~~~~
I I I 2o/ . 5 ’ 70 206. 5 ’

- 78 -R o w  .co ’ .eec 4.1’
I 

ct a.~~ ’

- 
A Putt ~~3(0

~1 20(0. 5 ’ To ~~j ~~~~ ’
1. 22 RuN 5.0 ’ A’eC t / ’

2w T 
- 

/Row ST~ /N EO -
- 

- 

CL .71 -? ’
TN /N ORANGE Sm LAYER S I_____ ____________________

INTER 
~~~~~~~~ 2/1.5 ’ TO 2// t I - BOY POLL 

~ .l72/ 2 7 ’ ro 2I~ o’I 1 20 
2ii.s ’ ro 2i~. ’

2/ ~~4’~~4~~~,I d~~] - Row £0 ’ REC 4.i’
I 

i t
I I POLL~~~~38

- I I 2 / ~.5 ’ TO 221.5 ’
/ 00 RoN 5.0 ’ I~~EC S,Q ’

22c~~ - I
- 

_  _ _ _ _-

I I POtL- ’# 3~
7

- - 22/.~~~’ To 22C.g ’
- 1 44 RON £~ 0 ’ ReC 2.2 ’

22c~~ 2.~~
- 

_ _ _  _ _ _ _ _ _ _ _ _ _ _ _

TIuN CLAY LEW~( ~ T 227.~~’ 
- 

I 22C.5’ To 231.5 ’
I - +2 I RoN So ’ AEC 2. 1’- - - - Ci.. 2.9 ’ — —-i--—COurrnuEO ON SWE(T ~~7 I 

.-~—.—. I

‘ 211 3 1
I I I  s t  2 I
St- I I I I IT  I. I I

— 1  — I - - — - — .  - I i

4 
. 
I’ . —. —I. - 

~~~~~~~
‘ L~~~~~~~~~~~ 

r ’ ~
‘ - ,v _., __ 5_ 

_ _ _ _
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ELIV A T ION TOP GE NeLl
DRILLING LOG (Cent Sheet )~ -- - 426~. ~~

. 
- 
Hole No. 

- 
.

— 1INST A L IA T I O N  st-n , 7PIOLt T 

5 15

~

0RI

~

I

~ 

REMAR KSCLASSIFICATION OF MATERIALS I R(C OP - S AMP I I 4 I~~ /I,,~ U , . ,~ t-, Is ././ ,11ELE VATION DEPTH LEGEND III I IRS NO - ,I 1 

• - I . 
$

I POLL ~~4o CONTINUED
- Sm -  L161,IT 6/IRE’,

SOIIE 
‘~/2” DIAmErER - 

- 

PULL ~ 4-/0(1A472 6RA VEt S 
- 

I 

2 3/ 5 ’  TO 236. 5 ’
I - Row 5.~~’ ~~ 4 4 ,

~?3S - 58 CL O~~~’

- 
- 

Box PULL. ~~42
- - - 2.?~,. S To 24/ 5 ’

I ~~~~A/ S.O ’ ~~C 2.8 ’
I CL 2.2 ’

- I More - sCA LE ~ ,I$/dGE Ar- ROUNDED QOARrz GRAVELS 
I I 24 0 f~’

-- 

I ~~~~~~~ OF ~QOCK 24/ . 2 ’ 1 Pot t 
~~ 13!42 GNE/55 — Morfl EO cAEA~ 7Y 

- 24/ 5’ TO 24~ ..c ’
WNFTE, Fe STA/W ED VeA~~ Row S.o’ Ri-c 3/ 1

SADL y WEATNE/IIEO I - CL 1.9’
N/Gilt V AL rER(D, FOL IA reD I I -

241 ,
~ VERY 1”ICACEOO$ ‘ 3e

I 8Roww ~ GREEN POLL ~~ 44
- -

- 
/ ~~e STAINED, WELL 

~~~‘NTCD 
246.5 ’ TO 2S/.~~~’

~~~~~ Ro~ ~~~~~~ ~~~~~~~~

/ 00

2co - - ’~~~~~

-- 

~‘4 POLL #5 CON T/wc1i0
?c2 - —Co,IT,NL,Eo ON S HEET -1——— — —

- A p2  I

I I I I o f  2 1I : S, - c t  t on  r

— —.- • —- 
_ _ _ _ _ _ _ _
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DRILLING LOG (Con t Sheet) 4747~~— - . 

~~~~~~~ L L A T I O~~~ 

_J_

E11 ~~

L I I  T I N  D E P T H  L I C E E 4 D  
(LASSIPICATION OF ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

REMARKS

- I I .

GNCISS - BROWN 
~~ GREEN 

I I poL.L #4ç c *,r/NUED

~~~~~~~ 
FE ST/I/ NeD IC’E L L 5TO/p,17(0 - 25/ c ’ To 256,5 ’

- 

4.0 ’
I I ~~~ 1.0 ’

~~~~~~~ go I

I 
-

P ULL #4~
- I 2~~ .5 ’ T~ 26/ .s ’

- ~~~~~~~~ 5 . 0’  a~ (C -4.~~’2s~ - CL 0. 7’

.70/NT ,qo° 

I

26/’ I 2s91 C ’ .Ta ’N T So • 
I

I 

I

1

~~~~øt
260 6 ’ .70/NT 7~ I I
t’7OTTLEO RED , GRE EN

2~2 1J7// I  8R0WN, 8LL/ E , IVELL JO~~rEp - II POLL 
~~4-7

I - 26I.~~~’ ~o

2~~2. 7 ’ .70/N T 50~ 

- IL/N 

~~ 
~~~~~~~~ 4.? -

244

2 

-

~~~~

‘ ~

- 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _SLIC~ eWSiDeD J~WT 4SO~ 

~
- 

Am/ N S•o ’ ~~
-c 49 ’

I CL 0., ’
~~ 8 

~~~~~~~~~~~~~~~~~~~~~~ ON 5/ WET ~~ 9 I

I -

I 

I I 
-

~~~~ ..a4tA4 .~~
V. ‘ r 

- —5 5-5 —_ •-•5_~_.~ — ___
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DRILLING LOG (Cont She.t)(~~
’°’°t- TOP OP HOLE 

472. .4. __ __ lois No.
PROJECT INSTALEAIION 

I SOf OR SIMARKSCLASSI FICATION OF MAT IRIAL S 
RICO’.’ SAMP LE ( I ) , , I t t I$ $~~V L~AL,V h., .I.po. ./ELEVATION DEPTH LEGRND IIIL..r,pt,t-V ,i ElY MO

~~_ 6g!~ ~ 
,1 II

- GRE/5.c - morr(~ -D AE~D PULL 
~~ 4~9 0o/I r/NU~-D 

-
I GftEN, 8eowa’, 6’LUE,

I 7o~~~~~~~~~~~~~~~~ 

WELt 70/Np’EO 

78

I POLL ~~~~72— 
~~~~~ I 271. S ’ TO 274.0 ’

272.5 ’ ~ IiILT LOOGE 
i RON 2.5’ REC 2.5 ’

8ox~~________ 
-

r ~~~~~ DUAATZ L.ENSE I PULL ~
I 

I 274.0 ’ ro 27q.~~ ’ 
-I / ~~~

, 
______________________ 

RI/N .c.o ’ ,q~~~ ~y. 8 ’
I ,~~~~~~~~ ~ NEISs - ~R(EN~, /E?O/’ERRTELY ~

- CL 1.2 ’ 
—

~~ 
-~ #1/I/ID, m’NWE47N~~ eD 7(0 I- 

‘,;i’~~ 
L~4’E,55/0 ST/I 0C70/IE5 I I - -

- 
~~~~
“
~

‘ 

~S° FOLIATION FINE 
I 

5

I 

-
~~ -

I I I

I 

PULL #5/
/ 279.~~’ TO 283.0’

T I RI/N 4.0 ’ Ri-C ~ 3 ’ -

I - ‘,/ Box I Ct 0. 7’  -

.‘B2 
28~~

1282 -

7 
_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _

- ,ó’crroM OF HOLE 283.0 ’ -

— 
—

- 

A pp 3
i t -, of .11

I St- - c t  1 1 ,111 F

- i~~~~~~~~~~~ . -.-~~~~~~ ..-- - . I

J ~ ~~- 
~
-
~~~~~~~

‘---‘--‘ 
~~~~~~~~~~~~~~~~~~~~ I — — ‘~~ S I
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Mel. No. C5-2
OIVISION INST A L L A T I O N  SNEIT /

~~~~~~ Sp U T ,t4 ATL..4.’v Tl,T cr. ~ p~j  -
. .ç~ 10F 5 SHEE TS

‘I) - - - I T 
~~ ANT) T N PR OF MIT 4xS ~~~~~~~~~~ - - - -

DLN [~4L CLzA1I~~ - - - — - — - —  
T I  D A T U M  FL ~~~ ~ LT~~AYIÔN ~HO*N (T~W0. MSLT

- - I’ S I - I - - - ~~~~~~~~~~~ -,

12 N N U FA C TU N R R S D E S I ON A T L O N  OF DR ILL 
- - - -

.)Ak,q,v ,/ ,,~.’y DLSf /C~1_ 13 T O T A L NO OP (N 1 I I S ’ , N f l I r ,  I UI~ II , S I I L tL lI ~~ LI 
4 .  . 5 -  .~ .. .fr.rnd lit,. ’ SUNOEN SAMPLES T A K E N  / 2 .~

N 
C~~~_2_ 

IA T O T A L  I KR ORE B ORES 27
IS ( L EV A T I 0 N GROUND

~~~

A I E R  434 5
* DI,,, lOll OF H- I L l I S J A H , , . I L  I t - I S I S , F i t- I l

X ” ’ - ’ - I~~~~ L I t - a l I I  - - OE~~ T . 1 O~~~ V E V T  
- -

- -- - - —---—-— ——-—---- I? E L L V A T IO N  TOP O t -  H O L E  41
I I TOLKT4 ( I ~ 1~~ 1 I-i L I I IRQFN I — — — —   -

- - -~~~~~ - II TOTAL CORE RE C OV E R Y  t-0R I4ORIN(. ~~~ ‘.
• T N  I’ E L )  II 0 HO K 

— J4.~a ’ IS SIGN A T  UN K OF INSP ECT OH 
- - —

~~~~
S T I - I T  U t- P T H  OR HOLE 2~ .3. 4. X TOA/ .L..8~~’. L/1LLF
( L I P  N ~ I.Ill~ I E P 1  H L (C(NO~ 

C L A S S I F I C
(
A
0

T I O N  OF
,,

,yAYERI A LS t V
C
C~~~~ I~AOMP?~ (U ,,,I,nA 

R EMA H K S  

~~~~~p -~ 0~ I NO .ll .i.~~, . 5 -  - .1 .,AN,lfl V 1.1)

0 b • d 7I_~~~~_J_ i RLQIM~c - 
: IsS.,*rFI - -

- I -5P — TAN, C.sf hs(t - -

LOOSE, NDft/CEI4ENTEO I W . T .  24.SIL . 25 I
F/A/ i- TO MEOJUM ‘ 

-) Pa ro .1~ _.ALi~~-_2b_ 
~~I Qt’9/I72 SAND 1- ’.i ~~ 

T I  W I ’ -~~ I
I~, 5o8 4M~~vL/I,q 

~~ 
(.7 3 dii r~~~’ d r i l l  i~ . /2

- - ANGIJLA,,q DRY A -

I I - ~~~~ T . . ._2.L4—~__- - 1 5 -
— ,$ V L t 1 ~~~~ t t1 1  1.1 P.I - I l ’  

- -
I ~I SM- LQEDDISW ilROavN, , 

33
- - 7 _.~4- I t s  - i ’ I -

I S/tr Y SAND, F/NE TO I - ~~- t  I I I  fl~~ l1 ’iI’ii . 46 1
- MEO,jjM QUARTZ S/INC 7 .~~

I 
SL/ ~ / 1TL y Moi~~r - -8 26 -

~~3 c
~ I

70—-

I cmi- 70 COAA~~i 
50

2,1 
~~ Svg- ROUNDED ro / i i . 7 (0 - -

AA/~~~VL 1q,q I

I -
/ CL - MOTTLED WHITE 

a,.c~ ~~ MorE1~~ E~~R~v ~ 0AIfr/6 
60 1

I MARoow, ftj//I p.~~i- 
AT 25.0 ’ I

- RtoDi.ç,t~ SsqOwA, 
‘ B

250 ’ T0 27/’ -
- . /LTY CLA YST0NE, 7/ RoN 2.1’ Ri-C 1.5 ’

- , PaLL #2
- 

-
- - ,,. / 2 .,” TO 3/3 ’ -

- ~~~~~~~ 
(‘

~/MRo CL) ~~~~, CL ,2 E’ -

I - RuN 4.2’ REC .?2 ’ IL7~ - —cONrINUED ON cNEET #2, — — ~‘L l~O ’ ____

I - i - I - ~V,1~ J F ~I F3C~~: —
- 

- NOTE : SotTh f te~d c l a s i if t e d  -

•\ ;III I 
- i n  I , - I - ’pr ri ,lnDt -’ w I ’ h  t h D  Ilnifl e ‘. - - - r~~1~~~rI -- ~ to ‘I t’ V -

1 6 - f  23 SoI l C J I , I . I ; i f l I t I L I T ,  ~~~~~~~~~ 
- 

- III I T  ~ t 1I ç ~ II -‘. . L L . L , .

I I L I L T  I- Ii --  I~ t~ III - .1,~” . - -

- -  4
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DRILLING LOG (Cent Shee t) - 

—- 
]~ NST ALLA T ION 

— 191111 2PROIEI. 1

D~ NT~ L cL I N I C  - 

.I COR~TBOX ORF- li ASS IFICA IION OF MATERIALS RFCOV SA MPLE IT I .L / l ,.g 5115 1 l~~ Lt - l II,,, J,/ I I~ SIELEVATION DEP IH I LEGEND II P o t - I  ERY NO -- .1 .,g”/ ... .l ’l

I- I , - ,~
I / ~~~~~~ - 80 ~ PUI~ ~ ~~ 2

~~ 7 j4 
- _________________________________

I— IPO L L# 3~~ 2 I ~~1 / ~~

/ I 3,.3’ To 36. 1’
/ 0 0  I RUN 4.8’ REC 4 ,q ’I 0 / ’

~J5 ~~~~ ~~Uor
7 CL - &t’RITE, I 

2 POLL #4Sit~~y / ‘2t ’J S T

4° 
STIFF ~~~~~~~~ C LAY

_ L

~ — 

N 4 ê ’ : 4~~ ’ 

—

I PULL -#6’
I SC - Il l / I /Ti-  ro ,P/,4ji,’ I 

~~ 4.5” 9’
~~~~~ .s’~ rr ~~~~~~~ VERY . q -

- ~‘~YY~s.4 CL,4Y~~V WITH K~qoL,lA/ I .qox Rt ’mV So REC 0.0

- 
I
~~~~~jFi 

CL ,Q 

~:, i ’i-/I Y ~ /C/I CEOU,�- I ~‘L 5 0 ’
I 4’

~ P’~’Y~ 
F/W i- To 

~~~~~~i-i 

-

_____ ___________________

t1(iRm~’rz S/Ivy, 1-t45~ ’ 7-~ 470 ’
- ~~~~~ IRO N STA INED - / / ‘  Ri-C 23 ’

VER Y S’T/F ~~ To SOFT, 
____  

P ULL  ~~ 7I ~~~~~~~ 100 1 420 ’ TO 5/8 ’.co 
~~~~~ I RUN L I ’ REC .$~O ’I - - 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _- _‘ 
- PULL~~~B

-

~ 1 

1 /00 ~~~. 
;~ ~~

POLL- ~~?
- ø~’//~CH - W / // r E , 5C,~5 ’ To Co8 ’

HARo ,, KA OLIN CLF ~V - RoN 4.3’ RCC 4.0 ’
_ _ _ _ _ _ _ _ _  

‘ CL 0.3 ’

- 

VE’/I Y 5T/pF 
~I 

80 :i’ PULL #70

48.0 ~~~
ICK

~~w 5,pi-~~~~~
o 

I - 

~o.g ’ rO Cc~

I 
____I L~s-.~~’ ro ~~~~~~~1R0N / . 4 ’ Rec I.

- [C 6 ri. j1’
I 

~~~~~~ I ~- POLE- #,/2- 
,5” ~~~‘° I ‘~ ‘o ’ To 7 / 7 ’

- - 
_________ ~ .OALr /ML.’ i-/2 ON_ SNEEL..,g~’7c - 1—~— C0N7/NIi ED ON swe(r 2------

I 
I 

“P1’ 1

- S, ’ , t  
~~~~~~

~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~
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S S 5,

IL IVA IKTN TI1P 01 H(1L1DRILLING LOG (Cont Sheet) , 428~L  Hole No.
II. ‘II T INSTA LLAT IO N - ~n I F ’  3

OL Pi T~cL ,~~~ iwi~~ -  I ’ H ~~~ ~
CL A SI.IFIL AT ION Ill MATERIALS I Y. CORE 801 OR I EFMARI S

L L I A  ~ I 1o  I ’I PIIL It~~.IOI T I  - .  I RECOV SAMP II l’ , /!...~ .‘~ I.. /Oll /
I ERY I NO -

-L 
- Jo ’ L ‘ 1 p I

~
7 ~
/
/
7 RUN 4 7 ’ Ri-C O S ’

I CL 1-2 ’
- //~&XnDA7/D N ~~L CON TACT PUt t #13
~‘// / c L - / ~oT rLED h IP / / rE , 71.7’ ~~~~ 7j ~~~~~

’
FE STAINED , Ve/IY .c..~IDy /00 - 8Cr RoN 3.8’ Ri-C 5,-4

I // ,fl/C,qc EOus, v~~~v sr/FF~ 
- c~c / ~~

‘
- CREA M V W/IiTE,

4
~~
, CL$ YE V 1 SIL T - POL L. #14

F/Mi- To COAR.�E - 1 755” TO ,/. J ’

~~~~~~~ 
API6L(I/IR,I 

36 ~~~~oN 
~~: 

Re_c 2. / i

I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- 

8oX t--i:~1~ ~~~~~~ ~~~~~~~ 

‘
0.;~”V

7~~ /y  I 7 I~~ 0.2’
~ 1 82 82.2 ‘ ro 8.2 ’

RVN So’~~~~C #1 ’

I Putt #/7
I 

- 
87.2 ’ 70 92.2 ’

56 Lu/tI 60 ’ Ri-C .2.8’
- 

- 

CL 2.2 ’

I Pt’LL ~ /8
92. 2 ’ TO

‘ 
I PULL # /?

w /C2~~ ’
//)() 

8oX .~U,j/ 5.0 ’ Rcc 6.0 ’

PUL L ~
‘2d

/02, 2 ’ To /0 7, 2 ’

/ 05 70 RUN 5’ 0 ’ REC 3.5’ ’
I ,~~CL 1.5- ’

~~~~~~~~
I - ROX’ PULL ~~2 /

/0 /07,2 ’ TO 1/2. 2 ’

I/o -~—COM77N Ui-C ON 5/iEi-T #4 -4—--— I ~~~~~~~~~ c. o R~ ’C_5- ~~~~~~~~ .

o f  II

1-’ , - , I I iii I’ 
-

~ 

~~~~~~~ -
. 5  ~~~~E ~~~~~~~~~~~ -~~~~~~~~~ - “ 

- -- -
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DRILLING LOG (Cont Sh..t)~
P
~

A Th
~~ 

~
i’
~~.~~

’1
478~ L_ - - 

Hole No.
— - — — - - 

~ I N STA L L AT ION - ‘

0LNT~~~ - - 
I I I

CLASSIII CATION OF MAT ERIALS RECOIl SAMPLE - - I ‘.,III. ,, I...E L E V A T I ON DEPIN LEGEND IIII....pI,.. , I 
(KY NO I “ “~ ‘~ 

I PULL ~~2/

~~~~~~~~~~~~~ 

- 
I

- / ‘UL( #22
I 

I — 
~ /12.2’ TO 11/2 ’

~~ 1/4. 3 ’- 114. 8 ’ SOME k,QO/JN - - RUN 50 ’ ,qf C ~~ 7’
Ci. $ V BAt L 5 i-’,- ,-, /

l

~~~~~~~~~~~~ 1/7. 2 ’ WELL D r/Ni-.~~_____ 
8o~ ___________________

~‘~Y 8E0D/ N G 
~V/ T N  TN/N LINSES” ~ /~‘ Pui. t #23Nt,q~,y 

‘lI’/NER,Q~~~~- - /17 2 ’ TO /2 2  2 ’ —
/ 0 0  

~~~~~~ 

~ 
Re- C ‘ 5 /

~.K 
- PVL L ‘p24

I /22. 2 ’ 70 - ‘2 / 2 ’/24. 0 ’ - 12* 1’ 11 N5E OF / 00 Ro~ -~~ C ’ Rf c-
~ c 2 ’/25 CL. - STIf c- WA / / r e, k’I)OL,N / C.  0,2 ’

,.Y,~~~CL/IV

POL L - # .~

~~~
J’

j2q,5~~
_ ,30 2 ’ ORAN&E i T ‘ 2 ’ 70 /~~~~~l l  I

_ ___________  
qs Ri/Al 5.0 ’ LQI C 4.? ’0 

7~~Pt-j COAA’�i- .InlVP LIP TO CL 0. 1 ’
D/ / I IØE TER ____  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- SOY Putt ~~~~
~~~~~~~ CL-L,6HT ~~~R Y W /ORAN~ E 

1 / 3 / 3 2 . 2 ’  re

/35 ~~~~~~ Ilf orrLi#16 . S.4NpY .t7/~~~ ~~~~~~~ V 
- RoN 5.0 ’ ,~~~~~~,‘ ~~

(~,~~ ‘~t5C- CAEAiIIV i-V.4’,rE, 
_

i 

Ci5. (~ h

~ ‘J.’I cLRYEY SILTY 
_____ ___________________

~ ‘,7~’I F/ ‘v~ TO Co/IRCE POLt *‘2 71~’JYI Q~~ART~ 5/IND I

/40 k7/CACEOC/.S 3,q~~0 
#1!VGVLRR, / 0 0  1 ~,32 2 ’ 

~~

~~~~~~

/ 42.2 ’ ;o I4 ,~~~
-

I/ 4 ~ El~~~~~~~ .”~ ~~ / l /  Ii) .~Ie)  / RI . ,‘ /

:~~ 
i~~~~~~~~~

— - - - -

~~~~~~~

/ ~o 
- 

A /  — 

-

, 

C~~~~N:’(D~~ N . f , ’ 7 ~~~~
-‘ 

C°’VTM’UEO ow SWEE T ~~5I

-‘ I- I l  I
I I’’ — i ‘ 1

~~~~l ! I , ’II I

~

-‘

~

- -‘

~
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~

- ipr ~~ ‘ R~~-t.8~
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I,I , a ? I , I N  top ‘v cu
t)RILIING LOG (Cont Sheet) 47~ j  Hole No. C s - ; - ’

— 
IN II A I I A ! R I N  

- - 
I S~~Il -

c7 ~~~~V11Ci/tI ,. ~~‘i - - 
‘SI,-

C URL 801 01; I
- -  - - I t - ’.~.lI Il. A I I IT N  .11 M A T E R I A L S  - 

IIICO’d I SA M P L E  I L I . , i . . , ,  I..”I . I 4 II 11 I T .  INI II... ..(.,,. .. 
- 18/ - NO I,.IlI . .I-l. ’’.~~~~f ’ l  5~ Il-

I ‘ , 
- 

POLL 29 CO~~7/ k & i . L I
I 

RUN 5.0’ R EC  ie
i.~ 2 ~~ 

I 
-- j

~ ~ C ’ THiN ~~~~

- 

M/NE ~~ L LEN SES 
- 

Box ~~~~ L #30 

~ 72
- ‘ ,14 HARD , srn~eoV :~~~~FZA)

lO I’O( 
~~
;
A/ 5.t~ / ~CC 3.2 ’

- 5M- - i. /(~/ l T  6IV.AY 
___________________  ______

7 r ,~~~ 70 COARSE, PVL L ~~j /+ S/L y~ - - CL.~ V Ey , /57. 2 ’ TO /~~2 2 ’
- ~I • ~ /~~$cEo c/S, QV4RTZ / 00  flog RUM 5.~~’ ~~Cc so ’t ~‘~~~~~~ ‘ ucia ROuNOe_ o /6

~ 70  ANGUt~~R I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- PUL L #32
____  / ~ 2 .2 ’ TO / ~~ ‘2 ’

/ 0 0  RuN So ’ REC 5c~~ ’t C~~ 0. / I

I 

+ - 
- 

POLL -~ 33
I + - , ô’ox , /I I /~ 9 (‘ -- 17/ 0 ~~~~ v f l v / / / .f~~Rlq L lb 7,2 70 / .-2 .
I 

~ ~;.QAIN~, ~ ,4’MK.~ 4TV’r~? rz 
/ RUN 5.0 ’ REC

— 
~

‘
• 

I~~~~~#? V E .. 
~ 1/4 II j l,1q~~ ( IL R CL / 1 2 I

.s~’8 /Ioo~vjp ~~p
~ / 7/. 0 ’-/  ‘2 2 ’ ~~~ LOPll STR//l~ E R.SI ~~ 1 ,I - ‘  P ULL # ,.i~4I 7 / , . ~ ~- —r ’ ? ~

. .~~ /‘ugpi.~~ ~ -
- ~ ~~I,~~4 5 J~~t - /  .c79 r/ 

~~~~OL /A/ .
‘I ~ V I / 2 2 10 / . ‘72

/ ‘C ~7~~~~~~ ”*” QU4~~T~ - ~~R4~~(t~~ - 
20 £v~’ ~~ o ’ ~~( I ’ / (

,AJ~~J !74.3’ - / l &3 ’ _i / & Ir ~~W. ST/I P CL 41) ’
L)9A ’~ (

~~.( / /4-~-~’~ ~/ L L 0 W .
v/,~’ l t /I ~~~~~~~~~ i ’/ ’Rp i~ 

00k PLILI # t’4 - 1 2 ~
1/ ~ r TI I  I/ AA D Is 

~~~~~~~~~~~~ S 
- —

~0 /// M~~~~ .:~~ov ,ç I’L L t
- / l~ (

I () /~ ~- 

~ VN 3 9 ’  -~‘/ C  ~~~~~~~~

/// C L  C e - .
7/’/ tT

)ox
I 

~~~~ ~~‘ut~ ~~37
1 /85 . 5 ’ 7~~

, / “Y./

I /0C ) RL’~V $ .- ‘ A? C .1 ~~,
‘

- 
—~ 

i’
~~~ 1/.V / P OA ~~H((1 ~~~~~~ ‘~~~~~~~~~ ~~~

- -—  _______

- I’ - 
- 

I 
-

- ‘ - - I l - l u  I- - -

- 
_ l —. ~~~__ ~~~~L~~~~~L~~~

- _-
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DRILliNG LOG (Cont Sheet)~~ 
11.10 II 

~~~~ / Hole No 
~~~ 2I N S I A L L A I R  IN

- ~~L/ N 1iL’ ‘ ‘
~‘-. ( ORI ‘ E l ”  l I t - i 11 1

~ I ASSI I I CA III_)T’/ . 1  MAT E bA IS 
R I  (04 I S AMP I i I 1 . I~~~IlIlI~~~A I l I  151 L IE I ’ T I I  I LE I . E N I ’  - I 1EV - NI)I - 

v - I 11- . J~/ -pI- - 
______ ________________ —

~~ie#r ~~~~~~~ WARD PUL L ~~~~

- ,  - 

‘78 ~~~~~~~~~ rO~~~~9 ’ . (~~~I

~~~ Pi RI LI 7i9 ( ft,qY 
-~~~ 7 / ,L / N~ To COAt’ s, ’ 

— PULL -~~‘ 39

7T 
. S / L T V , CLAY, ’  V ~SAA/0 , ITSo ’ TO .?~C I ’

- 

/ S 4 / / T I ~ .SO PI~ f  ~~/ . / / 7 - RUN 5 ’/
’ RI C 4 7 ’6RA y C LA y  L E A js ,~ c CL 0 4 ’

2/0 y~ SOME GR AVELS Sox 
POLL 

~~

F 

2 0 0 . /I  TO 20 . ,A’ ’
‘74 RVN 5/ ’~~~ e c 4 ~~V

2L~ - 2~~7’ PUL L #4 /
2os. 2 ’ 7k-’ ~‘o-i o ’
Rwv 3.N’ A’LC (‘.b ’

PUL L IIJ~•.- ‘ _ ( I  -,7j~~’ I 2o 9. 0’ : (1 .,‘‘ . ~~
‘‘

-~ 1c’~ ~~ 
RON 4 2

I 
~~~~~ .~~ ~~~~

22 CL p . c ’

2~~~~2I4 .2 ’ -- 2/ +. 8 ’ IRO N STAINED PULL # -~~~~~ 

- - --

2/ ’, ( ORANGF L EA/SE 
~~I .

/ ~D.t,/LL,N& M ? O
ou7 ~‘,41 (“1. ~ I 

~

‘

A / 5

_______ Cl 4 ’PTrL ID OR.4N&(, I(  L1 / 4220 ~~~~~~~ ~~ PuRPt~ ~ 4’AV, I~ANP Y ‘ / 9  ‘ ‘ 7~~~I I
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GLOSSARY

A GLOSSARY OF STAN D AR D N O M E N C L A T U R E , T E R M I N O L O G Y  AND D E F I N I ’r l o N s

Introduction. This glossary has been prepared to define the usage of
terms which appear trequ ent ly either in the text or in reference
literature.

Abs orption. A process whereb y the energy of a seismic wave is con-
verted into heating of the medium through which the wave passes.

Accelero gram. The record from an accelerometer showing acceleration
as a function of time. See Strong Motion.

Aftershocks. Minor seismic tremors that may follow an underground
nuclear detonation or the secondary tremors following the main shock
of an ear thquake.

Alluvium. A general term for compacted particles of rock , sand , clay,
etc. , deposi ted in relatively recent geolog ic times.

Amp lification. Frequency dependent modification of the input bedrock
ground motion characteristics by the local soil column. Amplification
ca uses the amp litude of the surface ground motion to be increased in
some range of frequencies and decreased in others. Amp lification is a
function of the shear modulus and damp ing of the soil , its thickness ,
and its geometry.

Ampli tude. Maximum deviation from mean or center line of wave.

Anisotrop ic Mass. A material having different properties in different
directions at any given point.

Anisotropy . Va riation of a physica l  prope rt y depending on the orien-
tation along which it is measured.

Annual Risk. The annual risk associated with a given intensity is
d e f i ned as the probabi l i ty tha t , in any g iven yea r , that intensity
will be equaled or exceeded. The annual risk is also the reciprocal
of the mean annual return period . This technical definition of the
wo rd r i sk , as a p robab i l i ty , has been questioned. It is not consis-
tent with another technical definition used in statistical decision
theory which associates the word risk with an expected loss (a proba-
bili ty of loss time values of the loss), but the definition here is
totally consistent with both popular and dictionary d e f i n i t io ns of the
word , i.e. , the chance of something undesirable. Therefore , unless
and until an equally connotative and convenient alternative is coined ,
the writers suggest that this use of the word risk is quite appropri-
ate.

Anomal y. A devia tion from uniformity or normality.
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At tenuat ion.

1. A decrease of  si gnal magnitude during transmission.

2. A reduction in amplitude or energy withou t change of
waveform.

3. The decrease in seismic signal strength with distance which
does not depend on geometrical spreading but may be related to physi-
cal charac teristics of the transmitting media causing absorption and
scattering .

Bar. = one atmosphere: A unit of pressure , approximatel y 14.5 psi.

Basement. The igneous , metamorphic or highl y folded rock underl y ing
sedimentary units below which there is no current economic interest.

Bedrock. Any solid rock exposed at the surface or underl yi ng soil ;
ha s shear wave velo c i ty 6,000 f t / s  ( 1 ,828 mI s ) .  See Fir m soil and
Soft soil.

Bod y Wave Magnitude. See Magnitude.

Bod y Waves. Waves propagated in the interior of a bod y, i.e. ,
compression and shear waves , the P and S waves of seismology .

Capable Fault. A capable fault is one that can be shown to exhibit
one or more of the following characteristics:

1. Movement at or near the ground surface at least once within
the past 35 ,000 years.

2. Macro— seismicity (
~ 3.5/!) instrumentall y determined with

record s of sufficient precision to demonstrate a direct relationshi p
with the fault.

3. A structural relationshi p to a capable fault according to
charac teristics I and 2 above , such that movement on one could be
reasonably expec ted to be acco mpa n ied by movement on the other.

Cri t ical Damp ing. The minimum viscous damping that will allow a
displaced system to return to its initial position without
oscilla tion.

Crust. The outermost shell of the earth ; the portion above the
Mohorovicic discontinuity .

Damp ing. Re sistance which slows down or opposes oscillations. Criti-
cal damp ing , ,~ , is the minimum damp ing which will prevent oscillation
from taking p lace. See Response Spec trum.
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Desig n E a r t h q ua k e s .  Desi gn e a r t h q u a k e s  d e f i n e  t h e  g r o u n d  m o t i o n  a t
t he  site of the structure and form the b a s e s  f o r  dynamic r e s p on s t~
a n a l yses. Generall y, several desi gn e a r t h q u a k e s  f o r  b o t h  t h e  m a x i m u m
e a r t h q u a k e  and t h e  o p e r a t i n g  b a s i s  e a r t h q u a k e , as app l i c a b l e , are
investi gated.

Di p—Sli p Fault. A fault whose princi pa l d i sp lacement is parallel to
the di p of the fault.

Dis,placement .

1. The distance a particle is removed from its equi libri am posi—
t ion , as in the ground motion associated with a seismic wave.

2. The integral of the velocit y of ground particles as recorded
by a seismog raph.

3. The relative movement of the two sides of a fault.

Dynamic Soil Properties. Those soil properties which affect the re—
sponse of soils subjected to cyclic loading conditions.

Ear thquake Waves. Groups of elastic waves propagating in the earth ,
set up by a transient disturbance of the elastic equilibrium of a
portion of the earth.

Elastic Constants. See Modulus.

Ela stic Waves. seismic waves , earth q uake wave s: P , S, Love , Ray-
leigh.

Ep icen ter. In an earth quake , the point on the earth’ s surface verti-
ca l l y above the hypocenter , the location in space where first motion
occurs.

Failure. A condi tion in which movement caused by shearing stresses in
a structure or soil mass is of sufficient magnitude to destroy or
seriousl y damage it.

Fault. A fracture or fracture zone along which there has been dis-
placement of the two sides relative to one another parallel to the
frac ture. See Norma l, Dip—sli p, Thrust and Strike—sli p faults.

Fi rm Soil. A general term for soil characterized by a shear wave
veloci ty > 2 ,000 ft/s (609 m/s). See Soft Soil , Bed rock.

Focal Depth. The vertical distance between the hypocenter and the
ear th ’s sur f a ce (ep icen ter)  in an ea rth quake (or aftershock).

Focus. The point within the earth which marks the ori gi n of the
elas t ic waves of an ear thquake.
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Frequency . Number of cycles occurring in unit time.

Geophysics. The st ud y of the ph ysical characteristics and pr op *-rti *’s
of the earth.

Ground Response ,  M o t i o n ,  or Se i smic  Response .  A g e n e r a l  t e rm , in’-
cludes all aspects of motion , viz. , particle acceleration , ve l ocity,
or disp lacement ; stress and strain , usually resulting from a nuclear
bla st or an ear thquake.

Hertz. hz = cycles per second = cps: A unit of frequency.

Hydrostatic Pressure. The pressure in a li quid under static condi-
tions ; the product of the unit weight of the li quid (water 62.4 p c f )
and the difference in elevation between the given point and the ground
water elevation.

Hypocenter. The location in space where the slip responsible for an
earth quake occurs; the focus of an earth quake or aftershock.

In Si tu Strength. The in—p lace f i e l d  s t r e n g t h  of a so i l  or rock de-
pos i t .

In tensity . A numerical index describing the effects of an earth quake
on man , on structures built by him and on the earth ’s surface. The
numbe r is ra ted on the ba sis of an “earthquake intensity scale ,” the
scale in common use in the U.S. today is the Mod i f i ed Mer ca l l i  Sca le
of 1931 wi th grades ind ica ted b y Roman n u m e r a l s  f r o m  I to  X I I .

Internal Friction. The resisting shear strength considered to ‘ e due
to  the  i n t e r l o c k i n g  of the soil  g r a in s  and the  r e s i s t a n c e  to s l i d i n g
between the grains.

Iso trop ic. Having the same physi cal properties regardless of the
direction in which they are measured. Strictl y a p p l i e s  onl y to an
arbi tr a r i l y smal l  neighborhood surrounding a point and to sing le
properties.

Least Squares Fits. An analytic function which approximates a set of
da ta such that the sum of the squares of the distances from the
observ ed points to the curve is a minimum.

Linears. As intended in this stud y ,  li nears are strai ght features of
topog raphy ex tending us uall y for a few miles. Lineaments are long
linears or combinations of linears. See also discussion of Linear in
text.

Li thology. The descrip tion of rock composition and texture.

Loading . The force on an objec t or structure or element of a struc-
ture.
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Long itudinal Wave. = c o m p r e s s i o n  wave p wave.

Love Wave. A seismic surface wave which propagat es in a s j r face
layer. The vibra tion is transverse to the direction of propagation
w i t h  no v e r t i c a l  m o t i o n .

Magnitude. A quantity characteristic of the total energy released by
an earthquake , as contrasted to “intensit y, ” which describ es its
effects at a particular place. Professor C. F. Richter dev i ’o - ’d  the

— 
logarithmic magnitude scale in current use , which is in term-s of the
mot ion  w h i c h  w o u l d  be m e a s u r e d  b y a standard type of seismograp h
l oca ted  100 k i l o m e t e r s  f r o m  the e p i c e n t e r  of an e a r t h q u a k e .  S e ve r a l
m a g n i t u d e  s c a l e s  are  in use , e .g . ;  bod y wave  mag n i t u d e , surfac e wave
m a g n i t u d e  wh ich  utilize body waves and surface waves , r- -spec t ive l y.
The scale is open ended , but the largest known earth quake magnitudes
are near 8.9.

Major P r i n c i pal  S t ress  (see P r i n c i pa l  S t r e s s)  — The largest (with re—
gard to sign) princi pal stress.

M a x i m u m  E a r t h q u a k e .  The m a x i m u m  ea r th q u a k e  is d e f i n e d  as t h e  s ev e r e s t
earth quake that is believed to be possible at the site on the basis of

— geolo gic al and seismo log ical evidence. It is determined by regional
and local  s t u d i e s  which include a complete review of all historic
e a r t h quake  da ta  of even ts  s u f f i c i e n t l y nearb y to influence the proj-
ect , all faults in the area , and a t t e n u a t i o n s  f r o m  c a u s a t i v e  faults to
the site.

Man tle. The part of the earth’s interior between the core and the
crust. The upper surface of the mantle is the Mohorovicic discontinu —

Meizoseisma l Zone. Zone of intense shaking in the near field of an
earthquake. The radial width of this zone increases with magnitude.

Micro trernor. A feeble earth tremor resulting from natural or man—made
forces , i.e. , micro—earth q uake , mic ro—seismic.

Minor Princi pal Stress (see Pri nci pal Stress) — The smallest (with re-
gard to sign) principal stress.

Model. A concept from which one can deduce effects that can then be
compared to observation which assists in develop ing an understanding
of the significance of the observations. The model may be conceptual ,
physical , or mathematical.

Mohorovicic (M) Discontinuity . Seismic discontinuity which separates
the earth ’s crust and mantle.

Normal Stress. That stress component normal to a given plane.
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Norma l F a u l t .  V e r t i c ; i l m o v e m en t  -11010! a slop ing fault surface in
wh ich  the  b l o c k a b o v e  t h e  f a u l t  has  rno~ ed downward relative to the
b l o c k  b e l o w .

Oper ting B a s i s  E a r t hqu a k e .  The “ op e r a t i o n a l”  earth quake is generall y
w o r e  m o d e r a t e  t h a n  t h e  m a x i m u m  e a r t hquake and is selected on a p r o b a —
b i l i s t i c  b a s i s  f r o m  r e g i o n a l  and l o c a l  geo logy  and s e i s m o l o g y  s t u d i e s
,~i t e~ flg l i k e l y to  o c c u r  d u r in g t i l e  l i f e  of the project. It is gener—
.d lv  ns large as earth quakes that have occurred in the seismo— tectonic
p r o v i n c e  in w h i c h  t h e  s i t e  is l o c a t e d .

l v e r b u r d e n .  The g e n e r i c  t e r m  a p p l i e d  to u p p e r m o s t  l a y e r s  of t h e  geo-
logic structure , usuall y soil layers of low seismic velocity, overlay-
ing rock or other hi gh seismic velocit y strata.

P W a v ~’ (see also Compression or Body Wave ) — Bod y wave in which the
, I t r e c t i o n  of the particle movement is the same as the direction of
-~ n v e  p r o p a g a t i o n . Wave v e l o c i t y  is  commonl y m e a s u r e d  in geop h y s i c a l
ret raction surveys to define the contact between the dynamic proper-
ties of competent rock layers ~.hi gh velocity materials) and softer or
l.’ss compet ent soil layers (low velocity materials).

ParL ic le Acceleration. The time rate of change of particle velocity.

i-’n r t ic le Disp lacement. The difference between the initial position of
a soil particle and any later position.

Pa r t i c l e  Velocity. The tin” rate of c h a n g e  of p a r t i c l e  d i s p l a c e m e n t .

Period. Time interval occup ied by one cycle.

P ”meabilit y. A measure of the ease with which a fluid can pass
thr - - ~h the pore spaces of a formation.

Phase. The angle of lag or lead (or the displacement) of a sine wave
with respect to a reference ; the stage in the period in w h i c h  ro ta -
tion , oscillation , or variation has advanced , considered in relation
t a reference or assumed instant of starting.

~~~~~~~~~~~~~~~~ 
The ratio of the transverse contraction to the

en~~i t i i  m l  e x t e n S i ) r i  w i n  a rod is stretched. The ratio of the
v-~lu citi es of P w - ves , V p and V~ , can be expressed in terms of
Pois son ’ s r a t i o ,~~~:

V p = 2 ( l ’  d)
V 6 = ( l — 2 ~~~ )

Pore W a t e r  Pressure. Pressure or stress transmitted throug h the pore
water (-w~-’te r filling t h e  voids of the soil or rock).
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P r i n c~j~~ l S t re s s .  St r ’sst’s a c t  i r i g  norma l to three mutuall y p erpend i—
cuhir p lanes intersecting at :i p o i n t  i n  a bod y ,  on e a c h  of  w h i c h  t h e
shea r i n g  s t r e s s e s  a r e  z e r o .

P u l s e .  A w a v e f o r m  whose  d iir at i on  i s  s h o r t  compared to the time scale
ot int e rest and w h o s e  initial and final vai n ’s are t h e  same (usually
ze r o ) .

— R a v l~’i ~~h Wave . = B wave : A type If seis m ic surface wave which propa-
gate s a l - ) n ? rib ’ surface. Partic l e motio n is eli ptical and retrograde
in the vertical p lant ’ cont a ining the direction of propagation and its
amplitude decre.-ises ex poren t i all v with depth.

Response. the motion i n  a system resultin g from an excitation under
specified conditions.

~~~~~~~~~~~~~~~~~~ The response O t  a s e r i e s  ( o r  s p e c t r u m )  of s i m p le
o s c i ll a t o r s , w i t h  a p o s t u l a t e d  d a m p i n g  r a t i o , s u b j e c t e d  m a t h e m a t i c a l l y
to a p a r t i c u l a r  ground motion. The response spectrum may be plotted
:15 a c u r v e  on tri partite l o g a r i t h m i c  grap h paper showing the varia-
tions of t h e  peak spectral acc e leration , displacement and velocity of
the oscillator with its vibrati on period . See Damp ing .

R o c k .  See B e d r o c k .

S Wave  (She- -ir W a v e ) .  Bod y wave  in w h i c h  the  p a r t i c l e  m o t i o n  is a t
ri ght ang les to the direction of wave propagation. SH and .SV denotes
p l a n e s  of polarization of wave . Wave velocit y say be measured by
in—hole geophysical procedures to determine the dynamic shear moduli
of the materials throug h which the wave passes.

Seismic Wave. An elastic wave generated by an earthquake or exp i- i s ion
whi ch c ause s  onl y a t e m p o r a r y  d i s p l a c e m e n t  of the  rock medium , the re-
covery of which is accompanied by ground vibrations.

S e i s m og r a m .  A rec ord of ground motion or of the vibrations o f  a
structure caused by a dist urbance , such as an underground detonation
or an e a r t h q u a k e .

Seismograp h. A system for amp lif ying and recording the signals from
seismometer s.

Seismometer. The instrument used to transform seismic energy into an
electrical voltage. Most seisniometers are velocity detectors , th e i r
o u t p u t s  b e i n g  p r o p o r t i o n a l  to the v e l o c i ty  of the  i n e r t i a l  mass w i t h
respect to the seismometers case (which is proportional to the velo’—
c i t y  of t h e  e a r t h  m o t i o n ) .  But below the natural frequency, the
r e s p o n s e  of most  geophones dec reases  l i n e a r l y  w i t h  f r e q u e n cy  so t h a t
they operate as accelerometers.

Shear  W a v e .  — S wave — tr a n s v e r se wave : A bod y wave in whi ch the
p a r t i c l e  m o t i o n  is p e r p e n d i c u l a r  to the  d i r e c t i o n  of p r o p a g a t i o n .
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S t a n d a r d  D e v i a t i o n .  The s t a n d a r d  deviat ion , ~~ , of n m e a s u r em e n t s  of
a quantity X , with respect to  the mean , ~~~, is :

~~~~~ Z (X ~~-~~~)~~
S t r a i n .  The change in length per unit of length in a given direction
w h i c h  a body subjected to deformation undergoes.

St rati g rap hy. The order of succession of the different sedimentar y
rock formations in a reg ion.

Stre ngth of Earthquake. Generall y expressed in terms of the peak
ground acceleration recorded or predicted for a particular earth quake ,
exp r essed  usuall y in g units , where ig is an acceleration equal to
that of gravity, or 980 cm/sect

Strike—Sli p Fault. A fault in which movement is principall y
horizontal.

Strong Motion. Ground motion of sufcicient amplitude to be of eng i-
neering interest in the evaluation of damage due to earth quake s or
exp losions .

Structural Features. Features such :is faults and f o l d s  w h i c h  are  pro-
duced in the rock by movements after deposition , and commonl y afte r
consolidation , of the sediment.

Surface Waves. Seismi c energ y which travels along or near the sur—
f a c e .  I n c l u d e s  Ray l e i g h a n d  Lev - w a v e s .

S u r f a c e  Wave M a g n i t u d e .  See M a g n i t u d e .

Tectonic Province. As defined ny the A~- ( , it is a region of the North
American continent ch a r a- t e r ize - 1 by the unif rnity of the geologic
structures contained therein.

Thrust Fault. An inclined fracture along which the rocks above the
f r a c t u r e  have a p p a r e n t l y moved up w i t h  r e s p e c t  to those  b e n e a t h .

T r a n s v e r s e  Wave. See Shea r  Wave .

Tuff. Various types of consolidated particul ate material of volcanic
o r i g i n .

Vibration. An oscillation wherein the quantity is a parameter that
defines the motion of a mechanical system.

V i s c o s i t y .  The c o h e s i v e  f o r c e  e x i s t i n g  b e t w e e n  particles of a fluid
which  c a u se  t he  f l u i d  to  o f f e r  r e s i s t a n c e  to a r e l a t i v e  s l i d i n g  m o t i o n
be tween  p a r t i c l e s ;  i n t e r n a l  f l u i d  f r i c t i o n .

Wave Leng th .  Normal  d i s t a n c e  be tween  two wave fronts with pe r iod i c
charac te r i s t ic s in which  amp litudes have a phase difference of one
complete cycle.
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