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PREFACE

This study is a part of ongoing work at the U. S. Army Engineer

Waterway s Experiment Station (WES) in Civil Works Investigation Studies,

Project 901, Task 312, Unit 31039, entitled “Seismic Effects of Reservoir

Loading and Fluid Injection ,” sponsored by the Office , Chief of Engineers ,

U. S. Army .

The report was written by Dr. David M. Patrick under the general

supervision of Dr. E. L. Krinitzsky, Chief , Engineering Geology Research

Facility, Mr. Don C. Bank s , Chief , Engineering Geology and Rock Mechanics
Division ( EGRMD), and Mr. James P. Sale, Chief , Soils and Pavements
Laboratory. Dr. Richard Lutton, Research Group, EGRMD , contributed

sections on site geology.

The information contained in this report has been derived from

numerous unpublished reports, interoffice correspondence, memoranda for

record , and from telephone correspondence with monitoring contractors,

District geologists, and personnel of the U. S. Geological Survey. The

author acknowledges assistance provided by the following individuals:

Drs. Maurice Major, Colorado School of Mines; L. T. Long, Georgia

Institute of Technology; and Anthony Qainar , University of Montana; and
Messrs. Jerry Triggs, Tulsa District; John Bertram , Huntington District ;
and Rick Lester, U. S. Geological Survey.

This report was reviewed by Messrs. Stanley J. Johnson and

Robert F. Ballard , Jr., Soils and Pavement s Laboratory , and Dr. Robert B.

Herrmann , St. Louis University.

Directors of WES during preparation of this report were COL G. H.

Hilt, CE, and COL John L. Cannon, CE. Technical Director was Mr. F. H.

Brown .
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CONVERSION FACTORS , U. S. CUSTOMARY TO METRIC

( S I)  UNITS OF MEASUREMENT

U. S. customary units of measurement used in th~ s report can be con-

verted to metric (SI) units a.~ follows :

Multiply By 
— 

To Obtain

feet 0.30148 metres

miles (U. S. statute) 1.60931414 kilometres

square miles ( U .  S. statute ) 2.589988 square kiloinetres

acre—feet 1233. 1482 cubic metres

pounds (mass) 0.145359214 kilograms

tons (2000 ib , mass) 907.18147 kilograms

feet per second 0.30148 metres per secon d

degrees (angular) 0.017145329 radians

14



I

MICROEARTHQUAKE MONITORING AT
CORP S OF ENGINEERS FACILITIES

PART I :  INTRODUCTION

Purpose

1. The apparent causal relationship between increased seismici ty

anu the impo undment of water in certain large reservoirs or the injec-
tion of fluids at de~th in boreholes prompted the Corps of Engineers

(CE) to conduct microseismic monitoring investigations at selected new

and ex i s t ing  projects .’

2. The purpose of this report is to describe and discuss the

current  status of microearthquake monitoring conducted at CE projects  in

the Uni ted  States. This  report describes the instrumentation, site

layout , generalized local and regional seismicity, and the results and
interpretations of the monitoring program at 13 damsites and 1 injection

well .

Scope

3. This  report is l imited to a description of microearthquake

inves t iga t ions  and excludes other monitoring programs using strong—

mot i on ins t ruments .  However , both types of investigations are being

conducted concurrently at some CE dams. This report is concerned with

monitoring programs designed to compare background seismicity with

seismicity during and after fluid injection or reservoir filling.

Mi croseismic ity

14 . The terms microearthquake and microseismicity do not have
universally accepted definitions; however, a microearthquake is generally

considered a small earthquake event exhibiting a magnitude less 
than5



3.5 ~n the Richter scale.* Microseismicity is then the occurrence of

earthquake events with magnitudes less than 2 to 14. These microseismic

events are too small to produce structural damage.** Microearthquakes

may occur at frequent or infrequent intervals in areas of high or lo~
overall seismic activity . The occurrence or nonoccurrence of these

small events co’istitutes the background seismicity in an area. Increased

f requency o t’ occ urrence of these small earthquakes may precede the

occurrence of larger , perhap s damaging earthquakes , but such increased

frequency is not a prerequisite for large earthquakes . In any event ,

increased frequency of occurrence or increase in magnitude of events may

signal a change in stress conditions within the earth. Monitoring

programs may thus be required to monitor both small and large events.

5. These small earthquakes are caused by fault movement in the

crust and may be attributed to tectonic stresses or to works of man.

Landslides, blasts, and other movements may generate seismic waves

similar to those of microearthquakes. These events are not of concern

in this report; however , one must be aware of them when analyzing
seismograph records

* Magnitude Is related to the energy expended during an earthquake.
** The degree of ground shaking at a site is expressed in terms of

earthquake intensity. The Modified Mercalli Intensity Scale is
presented in Appendix A.

6



PART I I :  INDUCED SEISMICITY

General

6. The seismic ity in a particular region is dependent upon the
overall tect~nic and geologic environment of the region.~ Thus the

loca ti r~ of th€~ site with respect to plate boundaries , active faults,
epei r~~ enic crustal motions , and even unknown causal fac tors contribute

iri~ iv idually or in combination to produce a regional seismic pattern in
an area . These patterns may be we ll understood in regions of high

seismic activity such as the Western United States; however , in other

areas , little may be known of the causes.

7. Regional seismic patterns occasionally are significantly

affected by the works of man, such as the impoundment of water behind

large dams or the injection of fluids under pressure in boreholes. Both

impoundment and injection alter the existing stresses in the earth and

may , under some conditions , result in increased seismic activity and
earthquakes.

Reservoir Filling

~~~. There are several cases in which increased seismic activity

has been directly attributed to the filling of large reservoirs .3 A

large reservoir has been defined to be one having a capacity larger than

1.25 x lO~ m3 or having a dam higher than 100 m. This is not meant to

imply that the fillin g of’ smaller reservoirs will not produce damaging

earthquakes (several smaller ones have exhibited induced seisniicity),

but impoundments with the dimensions given above are of critical

interest.

9. The Koyna Dam in India is of particular interest because it

represents a large concrete gravity structure situated in what was

believed to be an aselsrnic area. However , within 5—1/2 years of filling ,

7



the vicinity of the darn experienced a large earthquake (M 6.5) which

resulted in a number of deaths and some s t ructura l  dana~ e including tha t

to the dam i t s e l f .  Other examples of rese rvo i r—induced  se ismic ity

include that from Lake Kariba , Rhodesia; H sin fengkiang  Reservoir ,

People ’s Republ ic of China ;  Kremasta Darn , Greece; r4onteynard Reservoir ,

France; and Hoover Dam, U . S . A .  The dam and reservoir dimensions w~d th e

result ing earthquake magnitudes of these examples are tabulated be 1ow .~

Reservoir Dam

Dam Location Capacity, 106 
m3 Hei ght , m

Koyna India 2,780 103 = 6.5
Kariba Rhodesia 160,368 128 M = 5.6
Kremasta Greece 14,750 165 H = 6.3
Hsinfengkiang People ’s Republic 10,500 105 H = 6.1

of China
Monteynard France 2140 155 H = 14 .9
Hoover U.S.A. 36,703 221 M = 5.0

10. Nevertheless , many large reservoirs in the world have not

exhibited induced seismicity . This indicates that special site condi-

tions must be present for induced seismicity to occur .

11. It is important to bear in mind that the determination of a

relationship between a seismic event and the filling of a reservoir or

the injection of fluid in a borehole must be based upon a knowledge of

normal regional “background” seismicity . This knowled~ e can only be

deduced from measurements of background seismicity taken prior t~ the

filling or injection .

Fluid Injection

12. The pressure injection of fluids at depth in boreholes for

the purposes of waste disposal or secondary petroleum recovery may

trigger earthquakes by interactions with the existing stress conditions

within the earth . Again , the determination of causal relationships

between seismic events and the injection must be based upon knowledge of

the background se i smic i ty .

8



Mechanisms of Induced Seismicity
14 ’~

13. The mechanisms producing induced seismicity are not well

understood although two theories have been presented. Both attribute

the resulting seisrnicity to movement on a fault but differ in the manner

in which the induced stress field causes the movement to occur . One

theory attributes the movement to a buildup of total stress due to the

incumbent load of the water in the reservoir itself. This theory

disregards the effects of the water in the reservoir on the neutral or

pore water pressures in the rock at the fault. The second theory

considers that the overlying pool of water in the reservoir (or the

injected fluid) will cause ’ an increase in stress in the pore water of

the rocks at the fault. These increased pore water stresses result in a
decreased effective stress at the fault, and if the effective stress is
s u f f i c i e n t ly decreased , movement may then occur. Both processes may

contribute to induced seismicity at reservoirs.

Depth of Induced Seismicity5

114. Snow5 concluded that reservoir—induced seismicity may be

related to the following factors :

a. Geomorphic and tectonic history.

I. Effective porosity and permeability .

c. Fault and f racture  systems .

a. Water level variation in reservoir.

e. Type of fault.

The first four factors determine effective stress conditions at faults

beneath and in the local area around a reservoir. Depending upon these

f ive  factors , the  fault may be tightened or loosened and may or may not
result in movement and an earthquake.

15. The depth at which a fault must be located in order to be

affected by changes in effect ive stresses is dependent , in part , on the
pore pressure in the rocks.

9
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16. Shallow weathered zones subjected to relatively lower hydro-

static pressures and deep zones having essentially zero void space are
both less likely to generate earthquakes than intermediate zones. The

intermediate zone will exhibit hydrostatic pressures greater than those

in the overlying weathered zone as well as si~~Ificantly more void space

than that in deep zones. Thus , the zone of concern is in an inter-

mediate depth between the zone of weathering and above the zone
effectively sealing the rock mass. This zone of induced seismicity may

be difficult to specify- in some cases but it would include only shallow

focus earthquakes (less than 50 km deep). The depth of principal
concern would most likely be within a few kilometres of the surface, but

this  probably depends upon both the depth and size of the reservoir.

10



PART III: MICROSEISMIC MONITORING

Purpose of Monitoring

17. One purpose of rnicroseismic monitoring is to describe the

background seismicity in a limited area proximal to a particular project

site. The monitoring program may be general in nature with the intent

of defining background seismicity throughout a given area or it may be
directed toward analyzing a particular fault which is suspected of being

active.

18. Microseismic monitoring of sites intended for purposes other

than injection wells or reservoirs (such as nuclear power plants) may,

under appropriate circumstances, provide some insight into anticipated

levels of seismicity which could affect the design of a particular

project. However, this is beyond the scope of this report. Ordinarily ,

I ’ 
the purpose of microseismic monitoring of injection wells and reservoir
sites is to permit comparisons to be made between the seismicity before,
dur ing ,  and after injection or reservoir filling. This comparison will

define the extent (if any) to which either fluid injection or reservoir

filling is affecting the local seismicity arid thus the possibility of

produc ing a damaging earthquake. Having made this comparison , the

decision can be made as to the need for regulating or even discontinuing
injection or filling.

19. The regional geology and historical seismicity are bases for
the placement of instruments and the assessment of the microseismic
records.

Instrument Placement

20. The placement pattern of a number of seismometers at a site

is called an array . For general monitoring programs the seismoineters

sho ~l be more ~r less evenly spaced around the site of the proposed
injecti ’ui w~ ui r around the reservoir. The spacing of seismometers is

11
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dependent upon the size of the monitored area. Injection well sites

should be instrumented within approximately 1 km of the well , whereas

reservoirs may require larger distances between seismometers. Uniform

distribution and spacing of instruments assures uniform coverage of the

area and may also permit accurate definition of earthquake source. The

determination of source and the relative movements along a fault

requires three instruments.

21. The considerations addressed above should also be analyzed

when monitoring geologic faults. In some situations , however , addi-
tional requirements may be necessary. These stem from the need to

distinguish between the levels of seismicity along the fault versus the

general background seismicity. Thus , a level of seismicity which is

higher along a fault , for example , than in the surrounding general area

gives credence to the idea that the fault is indeed a source for earth-

quakes. The need to resolve details such as these requires that the

geophone or seismometer array be sufficient in number and arrangement to
distinguish between earthquake sources. Regardless of the reason for
install ing instruments , the number installed must be su f f i c i en t  to

permit fault—plane solutions for origin of the earthquakes to be obtained.

22. Ideally , instrument locations should be based upon the epi—

central locations and focal depths of the expected earthquakes. Focal

depths may best be determined by instruments located within one focal

depth of the epicenter. However , instruments placed at greater than

one focal depth may be used to determine earthquake epicenters .*

Epicentral or focal distances may be determined by measuring the

difference in arrival times between the first—arrival s—wave and the

first-arrival p—wave. This tine is multiplied by a factor, often 8
km/sec , to yield the approximate epiceritral or focal distance.

23. The empirical factor, 8 kin/sec . is based upon a presumed

V / V  ratio of 1.75 and can be used if the actual p— and s—wave

velocities are not known. For more precise locations the actual

velocities must be measured. This can be done by conducting controlled

* Personal communication , Dr. Robert L . Wesson , USGS.

12



seismic profiling at the site. Another approach to identify seismic

velocities is to monitor local quarry or construction blasting (see

PART V: METHODS OF DATA ANALYSIS).

214. Instruments should be protected from theft and vandalism and

located at obscure sites where there is insignificant influence from

highways , power lines, and construction or industrial operations such as

manufacturing , quarrying, or mining. These considerations must be

balanced with those of the geology and seismology . Instruments should

also be securely placed on a firm foundation such as rock or at least on

a concrete pad to insure coupling between the seismometer and the
subsurface.

Instrumentation

25. The instrumentation system used in microseismic monitoring

programs cons ists basically of the following components:
a. Seismometer or geophone and amplification subsystem.

b. Telemetry subsystem.

c. Recorder.

d. Power source.

a. Chronometer.

Other components may be required depending upon the type of monitoring

program . Schematics of common instrumentation systems are shown in

Figures 5, 6, and 10.

26. Monitoring methods are distinguished on the basis of where

the input data are recorded. In one , the on—site method , data are

recorded at the site on some form of chart recorder contained with or

near the seismometer or geophone. In the other , the remote method , the

data from an array of several seismometers or geophones are telemetered

to a remote location where the data are subsequently recorded.

27. The choice of which system to use at a particular site is

dependent upon requirements or purposes of the monitoring program and

the funding available. Arrays consisting of several seismometers lend

13



themselves to remote recording as this method would eliminate the need

for several recorders. However , remote recording is expensive and would
have to be balanced against the costs of on—site recording . Another

practical consideration is the need of per iodically changing the tape at
each geophone or seismometer in on—site recording systems.

28. The desired sensitivity of the system may be dependent upon

the known or anticipated regional seismicity , although the ability to

detect and resolve events having magnitudes of zero or less may often be

necessary .

Seismometers, geophones, and ampl i f ica t ion  subsystem

29. In most microseismic monitoring the anticipated events are

small in magnitude (M ~ 0) and are expected to occur near the site . Fc,r

this  situation a short—period ( 0 .5— 1.0  s ec ) ,  vertical component , veloc-

ity transducer type of geophone is adequate. Such a system will also

record the beginning of large nearby events but will go off—scale due to

the hi gh magnification required for the small events. Large earthquakes

are recorded by different types of instruments , i.e., strong—motion

accelerographs .

30. The geophone itself is a subsystem consisting of a coil or

pendulum suspended in a magnetic field. Both the pendulum and the
transducer exhibit natural frequencies which together define the natural

frequency of the geophone. The response frequency of the entire system

depends upon this frequency and the response frequency of the amplifier,

the frequency of the telemetry line (if used), and if a galvanometer is

used for recording, the galvanometer frequency.

Telemetry

31. The telemetry subsystem used for remote recording consists of

a component which multiplexes, modulates, or joins incoming signals and
distributes them by frequency to the telephone lines , the telephone

lines themselves, and at the recording end , a discriminator or demodu-

lator which separates the incoming signals. The multiplexing unit may
be contained at the site with the geophone or it may be placed in a

central location with respect to the other geophones in the array. In

114



either case landwires or radio links must extend from each geophone site
to a central location where the telephone net is entered.

Recording

32. The recording of incoming signals consists of record printing

and record storage. For on—site recordin~ systems this phase consists
only of a galvanomete r and some form of recorder. Remote recording

systems, on the ‘ther hand, may consist of signal recording on magnetic

tape as well as a visual printout. The visual recording system in

either the on—site or remote method may utilize smoked paper, light—

sensitive paper , photography , or ink—type recording devices.
Power source

33. A d—c power source is required at each geophone site.

Automobile or motorcycle batteries are convenient and adequate sources

of power . Solar power cells may be used to charge batteries. Also , air
cells may be used to provide power to the seismometer and telemetry sys-

tems for periods up to one year.

Chronometry

314. The need for accurate measurement of arrival times requires

that each on—site recording station contain a calibrated chronometer or

a clock—radio tuned to WWVB. Arrays that are recorded remotely require

a chronometry subsystem at the recording location. Timing calibrations

should be made daily to maintain timing accuracy to within 0.1 sec.

Timing accuracy is most important for small aperture array-s such as those

around injection wells where seismic travel times are very short.

Costs

35. The major costs of implementing , maintaining , and analyzing

the data from a monitor ing program generally- depen d upon the costs of

instrument purchase (if required), the method selected for recording

data, i.e., on-site or remote, complexity of installation , and the time

required to service geophone sites and analyze the records.

36. Telemetry may contribute appreciably to the total cost of a

project. Telemetry costs are dependent upon the distances over which

15



signals are transmitted , the availability of FTS versus commercial

lines, the number of relaying stations between the site and the recording
location , as well as other variables. Cost rates are project dependent

and specific rates for a project must be obtained from the telephone

company. Cost breakdowns are given for most projects (PART IV) and a

cost summary is given below. Current costs may be 140 to 50 percent

Estimated
Installation Average Annual Cost

Chatfield and Bear Creek $33 ,000*
Reservoirs

Childress Injection Well 35, 000

Libby Reservoir 31,360

Dworshak Reservoir 16,000

Warm Springs Reservoir 37,900

New MeLones Reservoir 314,300

Paintsville Reservoir 18,000*

Tocks Island 62,000

Dickey—Lincoin School N/A

Clark Hill Reservoir N/A

Carters Reservoir N/A

Richard B. Russell Reservoir N/A

Mean $33 ,14145/yr
* For unfinished projects the annual costs are based upon

five years of monitoring.

higher than earlier project costs given in summary due to inflation.

In order to minimize the monitoring costs , the CE has , in certa in
instances, recommended the initial installation of one unit in the mos t
strategic location possible. If seismic events are then detected , a

temporary array of other instruments could quickly be brought into the

site. This procedure has the advantage that many instruments with their

corresponding increased costs are not tied up for months or years

without fu rn ish ing  beneficial data.

16



PART IV: MONITORED CE PROJECTS

General

37. Currently , ten dainsites and one injection well have been

monitored for microearthquake activity. These sites, locations of
which are shown , in Figure 1, include New Melones, Warm Springs, Libby ,

Dworshak, Chatfield, Bear Creek , Paintsville , Cochiti , Tocks Island , and
Dickey—Lincoln School Reservoirs , and the Childress injection well.

Carters and Clark Hill Reservoirs were monitored by academic institu-

tions in cooperation with the CE, arid monitoring has been proposed for

Richard B. Russell Reservoir. Reservoirs at which microearthquake

instrumentation has been installed are listed in Table 1, together with

hei ght of dam and reservoir volume. Most of the installations were made

because of unusual geologic or environmental features at the sites.

38. The current monitoring programs have been contracted to

either the United States Geological Survey (USGS) or to local academic

ins t i tu t ions .  In one case (Paintsville), the CE District performed

the moni tor ing i t se l f .  Also , in one instance (Libby), the CE District

plans to take over the program initiated by another organization.

The CE has generally found it expeditious to contract this type of work

to organizations having expertise in this field and vihich may be located

near the site being studied. There is an obvious cost advantage when

the contracted organization is located near the site. This stems f run.

reduced field and travel costs as well as a possible reduction in the

cost of te lemeter ing data from the site to the recording location if

t h i s  is nearby . This advantage, however , may be offset if instrument

purchase was included in the contract.

39. The USGS and certain academic ins t i tu t ions  also possess an

advantage in that they may already operate a seismic net in or near the

area of interest .  Thus , the data from the site net may be enhanced by
informat ion provided by the ex i s t ing  seismic network.

17
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90. The remain in7~ portion of t h i s  report deals wi th  s p e c i f i c

aspects of microearthquake monitoring at CE installations. This infor—

ration was obtained from final reports , summaries , progress report .U

prov i~1cd by c n t r a rt r :~, l e t te rs  and memoranda from CE o f f i c e s , and ,

in a few cases , formal publications.

Chatfie ld  and Bear Creek Reservoirs,  Colorado

141. The Omah a Dis t r i c t  of the Missour i  River  Divis ion , Corps of

&i 4-’ineers , in i t i a t ed  a microseismic monitor in g program at Chat f ie ld

Reservoir , located southwest of Denver , Colorado , ~n the spring of 1973.

The project was contracted to the Colorado School of Mines  ( CSM) .

Dr. Maurice W. Major of the CSM Department of Geophysics is the pr inc ipa l

invest igator.  Moni to r in g at Bear Creek Reservoir  was begun by CSM in

January 1976. The purposes of the monitoring are to provide data for

the seismic risk evaluat ion of both dams , to record earthquake activity
( i f  p r e s e n t) ,  and to permit comparisons to be made of pre— and post—

f i l l ing  seismici ty . The geology at these sites is given below .

Geolo’~~~ of Bear Creek Dam and v i c in i ty

142. Bear Creek Dam and Lake are 1ocat -~d at the wes tern edge of
t he  Great Plains near Morrison , Colorado , at the foot of the Rocky

Mountair1 .7 . The sedimentary section extending below the dam consis ts  of

sandstone and shale beds totaling more than 13,000 ft0-~ in thickness.

These beds range in age from Pennsylvanian to Early Tertiary , and they

‘ verlie a basement of Precambrian igneous and metamorphic rock (Figures

2 arid 3). The dam is on the eastern edge of a zone of monoclinal

fo 1 i iri fr ’ t hat  t rends ~ W ‘I i J f l 7~ the f ron t .  West of th i s  zone of

monoclinal foluiri -~, the Precambrian rocks are exposed in the mountain

terrain .

-~3. A I ‘r r~ ar~~t ;t, r t , , i r t ,  f ea tu re  of the  region is the south-.

eastwar1.A J ~. 
r-~ - i i  r~~ ’ k~r fint. The rw untainous region to the west

has been e~ t ’,a ’e1 a! r~~ ’ thi~; ~a~ it structure (Figure 3) and the monoclinal

* A table V ~-ic ’.’r s f ~ r- - .r ~vi~r’ ir .~ U. S. cus tomary units of measurement

O r i - ~ r i -  ~;i ) ~r i  ‘ - . is • r i o— t o t e d  u page
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dip of s t ra ta  is another m a n iV e st a t i it of the upi I ~‘ t i r i g .  ~hi~ Col o- n

faul t passes w i t h i n  a hal f ::iile we~~t of tJ io  jar , an -i th s -i - ~;i lt’-a or

d i s t u rhe~ zones are probably present nearby . t - o l ,~ical evidence

sug~-e~ ts aaj or  movement bef~~re the  end of Pa leuoer ie  t ime c the Golden

f a u l t  ~ui.I the  l ast sl im of movement was in the ~~i e i, t c > c e t o~

~~~~~~~~~~~~~~~~~~~~ ~
‘l-itfiel d Dam arid vicinity

14~~. Cha tf i e ld Dam and Lake are located at th e  we st e i i i  e U-e o~ the

G re - it 11 ains  near the  foot of the  Front Range of the Ro cky M antairo’.

The c e t i r e t it a r y  sec t ion  below the darn is gentl y d ir p in g  sandstone and

shai e beds of Pennsylvanian through Early Tertiary a~ e ani  has a th ickness

f about 13, 000 f t . 9 The basement upon which the sedimentary rocks rest

is composed mostly of Precambrian igneous and metamorphic  rocks

(Fi gures 2 and 3 ) .

5. Six ki lometres  west of the dam the major part  of the sec t ion

surfaces as a relat i ;ely narrow zone of steeply dippint~ beds that trend

N 25° ‘ . Beyond this  zone of morioclinal fo ld ing ,  the Precambrian rocks

are exposed at elevations above.

146. Faults  cut the sedimentary rocks aloo~ the sonoclinal zone.

The southeastwardly t rending Golden fault reaches a point 10 kin northwest

of the  dais, and the Jarre Creek f a uL t 9 extends alonG the sane t rend  from

a poin t  16 km south of the dam. Both faul ts  have throws of thousanus  of

feet .  Quaternary movement is said to have occurred on the Golde n f a u l t. 8

~ imer ’~us old f au l t s  trend nor thwest  through the Precambrian rocks from

the  front of the mountains7 and suggest that there are other  inac t ive

fau l t s  limited to the basement in the vicinity of the dam. /~:1 extension

of the Golden—Jarre Creek faults through the reservoir area seems likely

although no surface expression of a fault has been found.

Seismic networks9

147. The seismic array established at Chatfield dur ir i’ the spring

of 1973 consisted of five short—period seismometers of which four were

situated on sedimentary rocks and one on Precambrian crystalline rock.

Figure 14 shows the station arrangement. Early in 1976 station WTN was

dropped from the Chatfield network and two additional stations were
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located in the v i c i n i t y  of Bear Creek R e s er v o i r .  rose stations are

complemented by the ex istini~ worldwide standard seismic station cG()I,)

located at Bergen Park and an additional shor t—per iod  s ta t ion locate I in

the  C~’M Geophysics Department at Golden , Colorado. Recording ~iri l

chronometry are performed in the Geophysics Department on the CSht

campus. Two telephone links connect the arrays with the recording

equipment at CSM and ground lines connect the seismometer stat ions to

the telephone links.

143. The instrumentation at each station consists of a short—

period vertical component , velocity transducer seismometer adjuste d to
1 Hz , an amplifier having a damping resistance of 7600 ohms which is 3~
perc ent of critical dampin1’~ for a natural frequency of 1 Hz , a 12—volt
d—c power source to the amplifier , and a voltage—controlled oscillator
(VCO) which modulates the signals and connects to the 1-inIlines. Ti~e~ e

instruments are diagrammed in Figure 5.

149. At the recording station in the CSM Geophysics ~e !ar-tment the

signals received from the telephone line are demodulated and siGnals

from each station are recorded on film. Figure 6 illustrates these

instruments.

fl sts

50. Purchase  of i n s t rumen t s , salaries and cer ta in  ma in tenance

c sts , t e l eme t ry , an— i operat ion of r ecord ing  systems are s i g n i f i c a n t

costs f the  m r r i t o r i n g  pro 1:racl . The tw teleph r ie l ines  ( wh i c h  are

in te rmediate  Grade as opposed to r i t a  Grade ) cost approximately -~300 per

mon th .  The record inl ’ system requires  that the f i l m  be chanGed each day .

Fi lm and o ther  supplies for recordinG may cost as much as $100 per

month. The estimated average annual cost is $33,000.*

Seismic velocity s tudies

51. Veloci ty  modeling ,f the upper crust in the general area of
the  reservoi rs  had been conducted in ear l ier  CSM s t I l l j es  and was r~ t a

~oirt of th i s  con t rac t .

* Dr. Maur ice  Maj or , personal communica t i on , Jul 19’(~~.
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and si te9 se i smicity

52. Chatfield and Bear Creek Reservoirs are both located in

Algermissen Zone 1 (minor  damage).11 His tor ica l ly, there have been no

large damaging earthquakes in the Denver area. The earliest reported

event in Colorado occurred on 7 November 1882. This event had an

intensity of V and a felt area of approximately 11,000 square miles .

Numerous other small earthquakes have occurred in Colorado over the

succeeding years. However , beginning in 1962 and contin uing through

1970, the occurrence of seismic activity in the Denver area increase-I

appreciably . The seismicity during this period is given in Table 2.

53. This increased seismicity is generally thought to be the

result of the subsurface injec t ion of waste in a disposal well at the

Rocky Mountain Arsenal (RMA ) in northeast Denver.12 The cessation of
injection in 1968 and the withdrawal or pumping out of a limited amount

ot’ fluid resulted in an initial decrease and then an apparent end to
significant earthquake activity in the area. The damage produced by

these earthquakes was not great compared to other United States events.

However , the 9 August 1967 earthquake (the largest in Denver ’s hist ry)

damaged numerous buildings in the Denver suburb of Northglenn .13

Generally the damage resulting from these induced earthquakes was
concentrated in the region near the RMA .

514 . The apparent sensitivity of the crustal stress field in this

general area , evident from the injection—induced seismicity , played a
major role in determining the need to monitor Chatfield and Bear Creek

Reservoirs . Both reservoirs are considerably smaller with respect to

pool area and dam height than reservoirs with which induced seisrnicity
has been associated. If it were not for the injection—induced seismicity ,

and considering the otherwise low historical seismicity , monitor ing
would probably not have been deemed necessary here.

55. The results of microearthquake monitoring at Chatfield

Reservoir during the period January 1973 through November 19714 are

summarized by Fassett .9 Fassett also presents a detailed account of the

instrumentation, the sensitivity of the instruments in detectinG micro-

earthquakes , as well as information on the overall program . DurinG



V

TABLE 2

SEISMICITY IN THE DENVER , COLORADO, AREA
DURING 1962—1970

Date Location Magnitude

18 Jun 1962 Dupont

6 Aug 1962 Dupont

4 Dec 1962 Northeast of Denver 3.5

5 Dec 1962 North Central Colorado 14.0

2 Jul 1963 Northern Colorado 4 .6
16 Feb 1965 Denver 14.9
18 Jul 1965 Denver 14.6
31 Jul 1965 Denver 4 .6
13 Sep 1965 Denver 14.5

114 Sep 1965 Denver 4.7
29 Sep 1965 Denver 4.7

20 Nov 1965 Denver

4 Jan 1966 Denver 5.0

114 Nov 1966 Denver 4.3

10 Apr 1967 Denver—Commerce City 14.8
27 Apr 1967 Denver 14 . 14

9 Aug 1967 Denver (Derby Event) 5.3

15 Nov 1967 Denver 3.7

26 Nov 1967 Denver 5.2

15 Jul 1968 North Central Colorado 3.J-r

23 May 1969 Commerce City 3.3

23 May 1970 Commerce City 3.2
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near ly two years of monitoring, representing pre-fillinG conditions , no

natural seismic events could be positively identified. However , nume-

rous explosions and other activities of man were recoricu .

56. A conservation pool has not yet been established at Chatfield ,

and Bear Creek is still under construction. Thus, post—fiiiirj: mon i-

toring has not yet been performed. To date the pre—fillir iG monitorir1-

has revealed no positively identifiable earthquakes ; however , six

possible earthquakes have been detected.*

Childress Injection Well, Texas

57. The Tulsa District, Southwestern Division , conduc ted deep—

well injection studies in Salt Area XIII , located in the nor thweste rn

quarter of Childress County, Texas , during the period 1970 through 1975.
Microseismic monitoring of the injection area was conducted by the USGS

during this same period. Salt Area XIII comprises the lower drainage

area of Jonah Creek (see Figure 7), which is a tr ibutary of the Prairie
Dog Town Fork of the Red River .  Saline seeps and springs in Salt Area
XIII contribute an average chloride load of approximately 1420 tons per

day (of total chloride ) to Lake Texoma downstream on the Red River. The

purpose of the overall project was to test the feasibility of subsurface
brine collection and deep—well injection of natural saline flows. The

objective of the microseismic monitoring program was to determine pre—

and post—injection seismicity in the vicinity of the well site.1

Site geoiogy l14

58. The surface geo1o~~r in the area containing the injection well

and the collection system consists of the Permian Blam e formation .

This unit includes interbedded shale , siltstone , sandstone , ~ rpsuxn , and

dolomite. The Elaine as well as other younger Permian rocks is the

principal source of the natural salinity in the area. The total strati—

graphic section at the well site consists of approximately 8000 ft of

* Personal communication from Dr. Maurice W . Major, July 1976.
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sed Lrlent ary r I cks ran~ i~ G in age fr ’m Permi an to ~amt,r ian  ( .o.io tra~. 
j_

Graphic  sect ion shown in Figure 8).  The b r i r ~es were 15~ ect e 1 int o  tue

carbonate rocks of the  Lower Ordovician , Fl ienburGer  ( i roup at de pth ;

between 6500 and 78 140 f t .

59. The site area lies on the southwest flank of the W i c h i t a —

AxnarilI up l i f t , an upli~~teu igneous basement complex exj ) - . S O I I  in the

Wi ch i ta  Mountains  of Oklahoma and ex tendinf  to the northwest in the

subsurface of the Texas Panhandle. No surface—cutting faults have been

mapped in the general region of the injection well. However , fau.iTs are

present in the basement complex and also in the older parts of the
sedimentary section. These basement faults are shown in Figure 9.

Seismic network15

60. The seismic network operated by the USGS from Juiy 191(i to

June 1975 consisted of eight seismometer stations situated about the

injection well (Figure 7). The equipment at each station included a

short—period vertical component seismometer , amplifier , voltage—con trolled

oscillator (VCO), and battery . The frequency—modulated signal from each

station was carried by landlIne to a central point where the signals

were multiplexed and transmitted by telephone to the recording station
at Menlo Park, California. Upon arrival at Menlo Park , the incoming
signals were recorded on magnetic tape prior to dis crimination (or

signal unsorting). After discrimination , the signals were recorded on
16—mm film. A schematic of the instrumentation is shown in FiGure 10.

Regional1° and si tel6 se i smic i ty

61. The Jonah Creek injection well is located in Zone 1 (minor

damage) of Algermissen ’s seismic zoriation of the United States. No

historic earthquakes have occurred in Childress County, Texas ; however ,

earthquakes in Oklahoma as well as in other parts of the Texas Panhandle

have , no doubt , been felt  in Childress County . Several earthquakes

having i n t ens i t i e s  of’ V to VI have occurred wi th in  approximately 100

miles of the test site. The approximate epicenter locations are given

in Figure 11. The sources of these earthquakes are believed to be

buried structures on the Wichita—Am arillo uplift.
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b . Dur ing  the period of se isuic  m o n i t o r i n g ,  several earthquakes

riGirlatinG in the Ok l ahoma Ci ty  area as well as some from M i s s o u r i  were

re-; r i e - i .  Also , an ear thquake (M 14 . 5 )  was recorded from Perrytown ,

Texas , 225 km fr- In the injection site. The monitoring thus  indicated

that the r-eGi ~n was r e l a t ive ly  aseismic and that th e inject~ fl , which

w - & . -. begun in February 1)(14, had no ef fec t on the local se ismic ity . On

the basis of the absence of local seismicity , the USGS rec ommended that
monitorin~ be discontinued.

Seismic ve loc i ty  model

63. ~eGional , crustal  se ismic velocity measurements were not

performed as a part of th i s  pro jec t .

~sts
16

614. The following are the approx imate costs for monitor ing the
Childress site:

First year :

Equipment

Remote equipment , 7 ~ $750 $ 5,200
Discr imina tors, 7 ~ $1450 3, 200
Seismometers, 7 ~ $275 1,900
Develocorder 11,000
M i scellaneous 1,000

$22,300

Salaries 2 ,200

Ins ta l la t ion ~ xpenses 2 ,200

Technical and administrative
support 9,300

Total $36,000

Second t h r u~th next to last year :

Salaries $ t~,000

Telemetry 15,000

M a i n t e n a n c e  2,000

Comp~~~~r t ime Boo

Te- - t i n i c a l  and admin i s t r a t i ve
__________________________ 1Q,200

Tot~iJ $314 ,000/yr

~ 5

-~~~~~~~~~~~~~~~~~



(-5. ‘c~ ts t - -r t no l u s t  y r were : tr I l r x i r : : 1  /~~~~~~~ II 5~ LrI aS

- -r tt:e so- - - -u I V I - i r  I :.: - I ç  t. 1 I l i t  i - t a  1 ~ - : t  ~ ,fl~Q f - , - ~~~~~~

- Ii :55:01 1 irip ~ 
- it -i ru~ -- - ct p r - e l - I t  t ( -I I.

l i  bby a n t  1)worshak - . :~~ I - r I  on~~~~~l t t ~~ - u a  ~ :

t t : . The tu iver :;it~ o : - ~ It i l l - I  h~~5 51)5- 15-I t t I 5 ( 1  StSl c - ~f l 1 t  ri:-

l i t - t v Re ;e - i r  in ~~ s i t a n a ( l i t t l e  i l i st r is t , u ) and tv- r : : - t~I 1 - s r - r - . ic

i n  I - : a h  ( - la lla  Walla  I L  t r i - t . , c~~ ) s ir ice  l~7l .  * Th i s  p f l j r t , -
.

- r t o  I in  t e n ~r -~~ ct  l t t I . t t I t t .J  i u t l  f l  h i t S  by t t - - 1 1 . ’ V r t r i o

t e r i o l  1 - - I  t~ I97~~. The ~- r i r i s i : a l  in v e nt i~~:it~- r- s I i - .- Drs. - ar;~ .~~ .

C l - - : y  an~1 ,~~~. 5 .~~ aS , L - - t L  U t  h t e  C ) C i  t n t - u t of l~ - - ;  , n : iv er : i ~~;

C f -I - t i t a n  i .  be -i mi i r :~ in I 173 t h i s  w- r -~ was fu n dt - i  by t r e  i i -  V - -  —

s~ -n ’ i -  - : i e .i ~‘F b I  s t r ic t : . l’h~ - ce-s tr ic t- fLr is - ru t - - r u -  l~ rsr —ik i- :eser-;- ’i  r

~~i . tercinati- i In be -oc her -  i i  I )  - j r - I  CE ::urIp- t -r Li i - t - ’~’ H~~:o - r - - - i n 

ccc i r u a t e  ii. the f — i l l  of 1976. ** The ( b ( e ct i v e s  of ~.: 15 IUJS I tori n-

sr - - u - air: w e r O  (a) t -~ p x - v i t i -  cl se~ in m n i t - r i r u 1~ - t  all  eiss.ic a-~ Iv ib y

(b) to ~: i - : r - —f i l l i r~ ani ) ‘:st— ti1Jin ~ seismicity ; a r t  1 -  ) -

re ::ite l u c a :  st i snicity t - regi  r iai  s e im i i c it y . The s i l l  foo l

bi  r - t v  an-i  1w - r : ; t a k  i - k - s e  cv irs  is civ en  be 1 1w.

of  b u t  by I — : i n s  an- :  v ic i nity l’r

67. r - i - t ictll y all - r  t he  rI - k : in t h i s  i -f i r: ar c  1 S t  - Y
- i~-r a t e 1y  met- tm ph - s~~1 s e - l im e n t a r y  rocks of  the  (r e c a s t n a n

los  c - sns i  s t i n , - of I i ar t z  i te , ar~ i lu te , and ar~~i 11 :j ceo . : 1 l i - :t - -

Tb - u t -  ::~~~-c ifi unit: : r ec- ~~r u izes I a -a l ly  w i t h i n  the  11-1 t ~T -u -ies as- -

‘be P r i c h - u r  I F-  t -c - t t - c i , - : & v a l li  1- -up , Wallace F -  n iha t i - Sn , an I

i- o up .  Tt ’- :a-  b€- - l s  ar e  arr-i r~~eil in broad - p o r t  folds w i hI axes t r o n : - : i  n o

I~ 300 ~ . : n ~ .ar - t iun in F r - o r e  12 cros Ses ri rmai L I  t :~i :  - an - i

r e vea i  s the f - I - I  str ~- - ii- ’- from a p in t h lOth - t Li I c y  a nt  0 --:i es

* Prior t . - ill t h e  CE h a - i  rs rii t or- c- E t J i t - area:: with her lo ft— typo
I :ss - n - j t t t  u s .

** ti n it ri n~ is ox ~- - c - I to c- r u t  i n  te a t  Libby arid wi ll lx- c ri: IS t I - i
by CE pers- rin ei .
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505t ~~w e5t  - f  S t e  l ain to  a point  southeast  of S t ryker  and 33 miles

ncrth~ st of t ne -ian . beddiri:; dips usually range from horizontal to

ab- at  70° , but w i t h i n  2 miles  of the  dam they are about ~~ ± 100
.

68. I w o  major  faults are well established in the region . Inc

f - ~- l  t passes a poin t  5 miles west of  the da~n in following the crest of

an an t i c l i n e .  A parallel  faul t  may cont inue  the t rend to the southeast

f r :r: a posi ti at w i t h i n  2 m i l e s  of the d arn and generally along Fisher

R i v e r .

69. The Elk t4 ’unt ain  fau l t  is a major , wel l—def ined  th rus t

passing tsr- -ash a point 18 miles  nor theas t  of the darn (see Figure 12).

In besign .Mern c-randum No. 5, Libby Dam Project ,17 the fau l t  is descr ibed

as a zone of r ;uufe and in tense ly  sheared rock several hundred  feet wide
0 - 0I -h it  st r i k e s 1 10 W ar id d i p s  65 W. N o evidence of recent fault

ac t i v i t y  was toin d d u r i n g  i n v est i g a t i on s for the  Libby Projec t .

;eo1o~~ of Dworshak Dam aria v j c i ni ty l8

7i). Rock types u n d e r l y i ng  the  dra inage basin are of considerable

v a r i e t y  ari d c om p l e x i t y  lar gely  because of the intricate intrusive

r e l a t i o n s h i p  of M esozo i c  gr an i t i c  types to s i m i l a r — a p p e a r i ng  metam or—

h o s e - I  Precambrian Belt bonier; sedimentary rocks . The highly metam -r—

p t - ~::ed r ocks  ar ~- known as the  O ro f i n o  series and have been s imp ly
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c lass ib i i- -i as granit Ic gne iss th- t i g l i  60110 r a l  gnie is:: i by p - : :  are recog-

n i zed .  F lu . - upian -.I :rurface i:; underlain by a sequen ce of u l a t—ly i r i t ’

(- asa lt 1 low-a :j n d associa ted T e r t i a r y  se- l iment: :  ( F i g u r e  13) .  These beds

- u tc r  p h i g h  on the canyon f l anks  but are out  of  the immediate reservoir

area.

71. Since no ex tens ive  m arker beds have been rec~o gr i i z e - i  f-jr u::e

in m app in g  geological s t ruc ture , in format ion  Sri faults at the darn is

incomple te .  The fact  that  no faul t  t races have been fi~uri d -f r i the

basal t—based upland topography suggests that Iau i.t activity since t h e

Miocene has been negligible. On the whole , the gneiss is highly c-impo-

tent; field compressionaJ wave velocities are on the order of

15,000 fps .

Se i smic networks

72. The in i t ia l  seismic networks or arrays at both Libby and

Dworshak Reservoirs  (Figure 124 ) each consisted of eight seismometers ,

variable—control oscillator (vco), batteries , and circuitry for inter—

facing with the telephone system. Also , five stations at Dwors hak
required the use of radio links to tie remote stations to the telephone

system . During the summer of 19714 the num be r of s tat ions at both

reservoirs was reduced to four .  The data from the  seismometers  in the

networks were transmitted by commercial telephone to the University of

Montana campus at Missoula where , af te r  d i s c r i m i n a t i on  a-~d demodulation ,

the dat a were recorded on f i lm.  The Un ive r s i t y  - f  ~- 1 - a n u t a n a operates a

worldwide standard seismic s tat ion at Missoula whi ch complemented the

data from the arrays. Chronometry and hypocenter d e t e r m i n a t ion s were

performed at Missoula.

73. Moni to r ing  at Libby was begun in—house  by the  fl i t t I l e  D i s t r i c t

in the fal l of 1976. The operation consis ts  of th ree  s ta t ion s ra ther

than the existing four and all stations will maximize the use of radio

telemetry to the damsite.

Costs

714. The cost for the monitoring period , 1 July 1975 to 30 June

1976, at Libby Reservoir is given below :
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Unive r s i ty  of ’ Montana Contract

Salaries and fringe benefits $ 6,0245
Operational costs (materials , supplies ,

and services

Telephone line rental , 12 months
~ $5240 6,24 80

Long distance calls 50
Develocorder supplies , 12 months

~ $50 600
Repair  costs 200
Batteries 2470
Reproduct ion 50
VCO replacement 165
Discriminator replacement 160

$ 8,175
Travel 791

Indirect  costs 3,3149
TOTAL $18,360

75. Addi t ional  costs included the analysis and review of data by
the CE. This amounted to approximately $13 ,000 .

76. The cost for monitoring Dworshak Reservoir for two years was

$31
Sei smic veloci ty  model

77. The University of Montana has conducted numerous seismic

surveys in both reservoir areas . These surveys consisted of measuring
arrival  t imes from mine , quarry , and road const ruct ion bl as t ing .  This

work has resulted in the development of a crustal model for the area and
the determinat ion of seismic velocities . These previous studies were

not a part of the contracted monitoring program. However , they contrib-

uted to the determinat ion of hypocenters for event s dete cted during
n i - n i  t o r i ng .

Heg ion ia l 1° and s i te  s el sm i c i t y

78. l~~th Libby and Dworshak Reservoirs are located in Zone 2

(moderate damage ) of Algermissen ’ s seismic zonation of the Uni ted  States

and lie appreciably outside of’ the Intermountain Seismic Belt (Zone 3,
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major damage) .  Although u i  I reviously stated rio act ive faul t; ;  are known

at either site , the general area has experienced several rather l arge

earthquakes and numerous small ones.

79. Major earthquakes include the 21 June 1925 event near Helena ,

Montana.  This  earthquake had an epicent ra l  MM i n t ens i t y  of V I I I  arid a

magni tude  of t .75. The shaking caused damage in the epicentral  area and

the  felt  area covered 310,000 square miles. The largest known earth-

quake in t h i s  general area was the 17 August 1959 event near  Hebgen

Lake , Montana.  This earthquake exhibited an intensity of X and a

magnitude of 7.1. The shock was felt - ‘icr 600,000 square m iles , caused

considerable  damage , and resulted in the loss of’ 28 lives . The low

regional population density and late sett lement of th i s  area have

resulted in a rather incomplete definition of the regional seismicity.
The his to r i c  sei srn i i c i ty  of the general region is shown in Figure  i5 .

80. Numerous local events were regis tered at both arrays . The

two array s have averaged approximately three event s per day ; h wever , it

is believed that hal f of then may have been caused by blast ing.  Ans ng

the bona f ide earthquakes registered were several from the Yel lowstone
area. Some of these were magnitude 3 to 3.9. The period of moni to r ing

has covered both pre— and post—fillin g of the reservoir , and there has
been no ind ica t ion  to date that the f i l l i ng  of e i ther  reservoir  has

resu l ted  in a change in the s e i s m i c i t y  of the region . Figure 16 shows a

plot of earthquake event s per month versus pool elevation at Libby
R e s e r v o i r .  There does not appear to be any correlation between se i s—

mic i ty  and pool level dur ing  th i s  period. The data obtained i l lustrate

the import ance of long p r e — f il l i n g  moni tor ing;  if moni tor ing  had started

in late 1971 , the conclusion could have been drawn that reservoir

filling caused increased seismic activity .

Paintsvi lle  Project,  Kentucky

81. The Pa in t sv ill e  Project  cons i s t s  of a proposed r o c kfi ll  dam

with central clay core in eastern Kentucky (see Figure 17). The reser—

voir area has exhibited no historical seismic activity and the P;iint
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C r e e k — I r v i n e  faul t  near the site is not cons idered  t -  be active (see

paragraph 92) .  Even so , opponents of the r e s e r vo i r  aJ I -ged that . the

Pain t  gr e e k — I r v i n e  f a u l t  may pose an ear th quak o hazard t - -  the dam . The

allegat ion s generally suggested that  the p r I p ’ :;e I reservoir  m i g h t  induce

se i smic i ty  at the Paint Creek—Irvine fault.

82. In response to these charges , the Huntin ton D i s t r i c t

contracted a geophysical study to Dr. G. A. Bollinger of V i r g i n i a

Polytechnic Institute and State University . Th is study , which  was

completed in September 1973, consisted of an earthquake risk investiga-

tion of the proposed site and the general region near the reservoir area
and a reconnaissance microseismic moni tor ing  program on the Paint

Creek—Irv ine  fault .

83. The earthquake hazard study supported the Huntington

Dis t r i c t ’s contention that the reservoir area had not experienced stron g

shaking from dis tant  earthquakes , that there had been no h i s t o r i c

earthquakes generated along the Paint Creek—Irvine  faul t , and that  the

area exhibited a low level of seismic risk.

824. The reconnaissance microseismic moni tor ing  program was one

month in duration and consisted of operations from one and somet imes tw°

strategically located seismometer stations. Although the number of

stations was not sufficient to locate exact epicenters , the consultant
felt that these stations could provide some data on low—level s e i smic i ty

in the v i c i n i t y  of the faults .

85. The monitoring program detected microearthquakes occurring at

rates between one and two per day within a half mile of the instrument.

The magnitudes of these events were zero or less. Several events were

also recorded which occurred within approximately 7 miles of the instru-

ment .  This  occurrence rate for the close—in events is not known to be

either typical or atypical for eastern Kentucky .

86. Several swarms of microearthquakes were also recorded

following periods of rainfall. The magn itudes of these events ranged

from —1/2 to 0. The origins of these events were not known ; however ,

Bollinger offered the following possible explanations:
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a. ‘ ii n y n - -i~-meu t s  a - ‘rig the  [a i nt Creek—Irvine fault.

b . “Si IlmJ i r~g of -xf se I r ock - uto ; rop ;; on the  sides of
I a i n i t  Creek Val ley .”

c. “L~ ca1 bedrock response t - - gravity l a d i ng  by creep
action of a saturated soil overburden. ”

d. “Involvement with water flo -din g process at a nearby
o ilf i eld . ”

87. This monitoring program thus raised ce rtain interpret ive
que st ion s regarding the nature of the site s e i s m i c i t y , namely the

significance of measured background seismicity with respect to the fault

as a source and the interpretation of the earthquake swarms. These

questions may be due to the short duration of moni to r ing  and to the use
of only one or two instruments at a given time .

88. Therefore , Bollinger recommended that the Huntington District

install a continuous—recording seismograph system at the site to monitor

the local seismicity through all stages of construction. Accordingly ,

the District established a three—station seismometer array at the fault

area during the summer of 1975 (see paragraph 9 24 ) .
Geolo’~~ of Paintsville Dam and v i c i n i t y19

89. Paintsville Dam is in the Cumberland Plateau physiographic

prov ince , locally known as the Eastern Kentucky coal field or Eastern

Kentucky Mountains. This region has a maturely dissected , irregular

high—level surface characterized by narrow winding ridges and dissected

by deep, steep—sided valleys. All flat land is virtually confined to

the flood plains and valley bottoms which border the r ivers and larger
t r ibu ta r i e s .

90. Flat—lying sedimentary beds of two formations , the Middl e

Pennsyl vanian Breathitt and the Lower Pennsylvanian Lee, comprise the
bedrock of the drainage basin. The combined thickness of the two

formations is approx imately 1200 ft. The upper formation , the Breathitt ,

consis ts  of interbedded shale , sandstone , “i l t s tone , and coal , with

~ These possible movements would have been within 1/2 km of the surface ,
thus  not i n d i c a t i n g  any s ign i f i cant earthquake—producing ac t iv i ty  on
the fault.
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shale being the dominant rock type. The members of the ~reathitt

formation are incons i s t en t, gradational , and variable.  Included th in

lirnest ones anu marine shales indicate sho rt periods of invasi on and
recession by shallow seas , and the coal beds are an indica t ion  of swampy

lowlands . The Breathitt formation extends to the hilltops thr- - ughout

the entire basin.

91. The lower formation , the Lee, is of the Pottsville series ,

and consists  of several massive sandstone and conglomerate members and

interbedded shale and th in  coal seams . This  format ion is from 2400 to

500 ft  thick .

92. Structurally, Paint Creek basin lies on the eastern flank of

the Paint Creek uplift . The axis of this broad regional structure

t rends north—south and crosses the headwater of Paint Creek. The uplift

is accompanied by several local faults and folds of an east —west -~r i e n —

tat ion , some of which culminate in domes. The most prominent of these

structures is the Irvine—Paint  Creek fault , wh ich dips toward th e south

at approximately 85° and ha s a maximum s t ra t igraphic  displacement of

about 180 ft. The fault is visible on the outcrop in many places. Sear

the community of Fisht rap, approximately 2.5 miles from the dam, about

50 f t  of the Lee formation is exposed on the up—throw side of the fault

against Breathi t t  beds.

93. Another prominent fea ture  is the Pa in t sv i lle  a n t i cl i n e ,

which extends from the head of Pigeon Creek to the eastern edge of

Paintsville. The axis of this anticline trends almost due east —west  and

appears to plunge toward the east .

Seismic network*

9 1 . The ins t rument  array shown in Figure 17 was desi gned ts

monitor both ambient seismicity beyond the fault ani the seismicity n

the fault . Each s t a t ion  con sis t s  of a sho r t—per i - d , ve r t i ca l  ci ap- -n e n t

seismomete r and a m p l i f i e r .  Cigria s are carried f rom each s ta t ion by

b u r i e d  and elevated hard wire to the t elephone  l ines  where t h e  un m i x e d

* This and f ilowing sections were based on information pr- -- v i -i ed by
Mr.  John Bertram , C h i e f , Geoloc~r Section , Hunt ing ton  D i s t r ic t .
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signals are carr ied to a regional telephone office. Signal modulation

is performed -it the telephone office and the mixed signals are trans-

mitted by telephone lines and microwave rolay to the Hun t ing ton  Di s t r ic t

O f f i c e  where they are discriminated and recorded on a heat—sensitive

continuous recor der. Data analysis is performed at the District office
and ep icen t ral  locations are determined there by compute r.

95. Generally , this first year of monitoring has been one of
debugging the ins t rumenta t ion  and refining the operation . The lengths

of hard wire posed some problems due to the inducement of stray currents

in the longer stretches , especially the buried portions . The hard wire

sect ions , w h i c h  varied in length from 21400 to 71400 ft , wil l  be reduced

by judiciously moving the instrument stations closer to the telephone

l ines .  This  is intended to reduce t h i s  problem. Also , lightning—

induced currents  have disrupted service at two s ta t ions.  This will

be corrected by placing l i gh tn ing  arresters in each system. Instrumen-

t a t ion  problems such as these have resulted in only 240 days of moni-
toring by all three stations. However , one or two stations were

rec -rdin c during most of the first year.

d 6. She approximate costs of the monitoring program are given

t e ~ w :

F i rst  year :

Instrumentation ~ 5 ,500

Telemetry , ~ $128 a month 1,524 0

S u st e n a n c e  and supplies (main ly
ba t t e r i e s  and recording paper)  1 ,185

Sal arier 3,500

Fd~ui pment calibration by manufacturer 850

Tn stallation of buried cable 7,500

Tes t equipment 2 ~~
Computer t ime (2 hr/ month)

Consul t -an t  fees 2 ,500

TOTAL $145
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Secon d and subsequent years (estimate):

Telemetry $ 1,5240
Maintenance and supplies

~a1aries 3,500

Eguipment calibration by manufacturer 850

Computer time 1,000

Consultan t fees 2 ,500

TOTAL $10,575

S e in m i c  velocity model

91. The development of a seismic velocity model by seism ic

profiling was not conducted in this study . This was not believed to be

necessary due to the existing detailed knowledge of the local str-itig—

raphy and lithology and the uniformity of the geologic section .
Regional1° and site seismic ity

98. The proposed Paintsville Reservoir is in Zone 1 (minor

damage) of Al germissen ’ s seism ic zonation of the United St ates.
Bo i linger identified seven hist oric earthquakes whi ch have occ urred
w itti n a rad ius  of 100 miles of the site.  The in tens i t ies  of four of

these earthquakes are unknown; the intens ities of the other three varied
from IV to VI. The closest earthquakes were two events of unknown

intensity wh i ch occurre d near Catlettsburg, about 245 riles northeast , in

1883. As previously ment i oned , there was no identifiable relationship
between the regional historic earthquakes and the Paintsville—Irvine

fault.

99. The si te se isnidci ty  as deduced from Bollinger ’s initial

survey war discussed briefly in paragraphs 85 and 86. The Huntington

D i s t r i c t  ar ray has detected long—durat ion events occuri -ir ig beyond the

si te urea  an-I also some local short—duration events which may be micr o -

ear thquaken . The nearness of the s i t e  to numerous quarr ies  an d min es

(se- Figure 17), however , suggests that some , at least of the local

events , may r~-:; A i t  from 1-lus t- ing.
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Ti cks Is land J ruj e c t ,  Peninsylva.nia and New Jersey

100. The T- cks Is lan d projec t 2° c o n si s t e d  of a proposed* dam and

res -rvoir  on the  Delaware R ive r  approximately ~8 miles  sou th  of

Dingnan ’ s Ferry , Pennsy lvania.  The Phi lade lphia  D i s t r i c t  contracted the

se i smic  in v e s t ig a t i - )n s  to the Lamont—Doherty Geological Observatory at

Colur,bia U n i v e r s i t y  which conducted mlcrose i smic  mon i to r ing  at the site

for approximate ly two years beg inn ing  in 1972. Professor Lynn B. Sykes

an- i  Dr .  Marc L.  Sbar were the principal investigators . Upon termination

of the  con t r ac t  in 19714 , three of the or ig inal  f ive s ta t ions were

d iicnant !ed and the remaining stations continued to be operated by Lamont—

Doherty .

Cite ge-logy

101. General ly ,  the bedrock geology at the site consists of

f- lded Paleozoic rocks of the central Appalachian s tructural  belt (see

Figu re 18). Faults at and near the site are also Paleozoic in age and

were produced du r ing  orogenic cycles which culminated in the Appalachian

Or-sgeny . The youngest faults occur to the southeast and south and are

boundary f au l ts  of the Triassic basins .  There are no kn own active

faults in the general area of the site.

Seismic network

102. The monitoring array consisted cf five short—period vertical

c r n I onent seisnometer stations positioned along the Delaware River in

P~ ninsylvania and New Jersey . Figure 19 shows the station locations. A

p r e — e x i s t in g  s ta t ion at Ogdensburg , New Jersey , operated by Lamont—

1-- h e rt y  p r - v ided  add i t iona l  control. ** The locations of the five

station s were determined on the basis of prdviding the densest coverage

of the deeper- portions of the proposed reservoir (Nos. 1—3 ) and providing

c - r t r - il for identifying earthquake epicenters. Signals from each station

* This project was cancel led in 1975.

** Lannont—Doherty operates a regional seismic net in the northeastern
United States.
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were t r : ir s Ct t t ’: by t ’- Ie~-li- :ie to.  Lamont—Doherty where the data were

cc - - t- n -d ri ::~~ : ,  -
~ ic t a t  e a n - i  l(;— mrr~ fi rr.. P1 gore 20 shows a schematic

ii act-ar of - so j as : - sot ti tat i -on used it this pr j ect

103. ~~~~ ~ . tal c- st i f  t h i s  p r oj e c t  i n c l u d i n g  ir i s tr u i n t - nt a t i  -

i c r e t ry ,  .-;aluries , and adnin i s t r a t i ve  expenses was

$~~s , o 1 )  f r  ~ w -  yi-ar :-~

_______ 
si~ - i c

1 d . St-ismic ~-r filin g was ~ ot  inc luded  as a port ion f this

10 . 20 - - -and site sei smic i ty

105. The :ks Islan d Project was locutc i in Cone 1 (mit r

Jar~a~e) Df .-~i - -e1’c~issen ’ a seismic zeniati- -ii of the Unite-I States. Toe

hi: rio --artriq-iaKt ac t i v i t y  (sho wn in F igure  2 1) in th i s  area fins n ot

been -xt~-ns ive and there have been no large damage—producing earthquakes
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Figure 21. Earthquakes activity in the vicinity of
Tocks Island Reservoir
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within a radius of 100 miles of the site. However , there have been

approximately 25 events occurring within this radius which had inten-

sities of V to VIII. A local magnitude 3.14 event was reported to have

occurred w ithin 20 miles of the site and near Ctroudsburg, Pennsylvania.
This  occurrence is considered questionable by Sbar.

106 . Two years of moni tor ing at Tocks Island revealed very licht

microearthq uake ac t iv i ty. Three poss ible micr oearthquakes were detected

wi th in  approximately 30 miles of the si te.  These questionable events

exhibi ted magnitudes of 0 to 1. Numerous quarry and other b la s t ing  was

recorded by the net. Sbar concluded that the Tocks Island site was the

least seismic of any area within the Lamont—Doherty regional net .

Warm Spr ings  Reservoir,  Cal i fornia

107. The USGS has, under contract with the San Francisco
Dis t r i c t , conducted microse i smic  moni tor ing at the Warm Springs

Reservoir site in northern California. ~1onitorinig began in the summer

of 1975 and is expected to continue through the p o s t — f i l l i n g  phase.

Currently the dam is under construction . The USGS also operates other

networks consisting of approximately 20 instrument stat ions along the
Healdsburg Fault in the Geysers area which supplement the special
network at Warm Springs.

Geology of Warm Springs Dam and vic ini ty 21

108. The mountainous terrain in the region of the reservoir

consists of a 50—mile—wide belt of nearly parallel ranges trending

n orthwestwar1. That portion lying west of the Russian River valley and

i rrim e-iiately around the  reservoir is called the Mendocin~- Range or

Mendocino Plateau. The elevation of ridges making up th is  range varies

from 1200 to 3000 ft. Commonly the summits are in general ascot-dance as

though they are the upl i f ted remn ants of an extensive sur face  of low

relief .

109 . Bedrocks are p r inc ipally of the Cretaceous—Jurass ic  Great

Valley and Franciscan assemblages which are in contact at the dam along

the Dry Creek f au l t  zone (Figure  22). Franciscan rocks south of this
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fault curia 1st of a heterogeneous assemblage of sandstone (graywaLkes )

and interbeddo l shale , altered volcanic rocks (greenstones), ~it~r- tmafic

r~-c ks and se rpent in i t e , and mm -r amounts of glaucophane and relate

sch~ ats , all ot which  have experienced several pen - do )f  i o t~- r . e

folding and faulting. North of the Dry Creek fault z - - n c , ho ;r.- c.

Valley sequence consists mainly  of bedde d carbonace- -us shao~- wi t h

int rafornat ion al arkosic  sandstone and cobble ci r t g l u m er a t o - . A ~ow

scat tered patches of Tertiary conglomerate are found r~ea r a~~J 1- - - ‘- -cs

f rom the -tar -:. The Franciscan and Great Valley seqien--e s ar e  r’- ,-ac r ’- as

largely contemporaneous of fshore , deepwater deposi ts  a nt  ne- trsh- - - c- ,

shal low—water  deposits , respectively .  The two are U S U a l l y separato r -y

serpentinized fault zones.

110. The nor thern  Coast Ranges have been subjected t - repeat .

crustal  disturbances from pre—Jurass ic  t ime to the present . M aj or

f a ult s  (Figure 22) form boundaries of r i f t  blocks hundre is  of square

mi l e s  in area. The prevai l ing s tr ike of bedding is slight~ y north of
- 0east and - i lp a  are commonly greater than ‘~5 near the reservoi r .  ‘~e~~~—

defined folds have not been recognized except for minor  contor t ions  and

crenula t ions  in the Great Valley sequence. At least three periods of

faulting are recogni zed in the reservoi r  area. I t i e  Dry Creek fault zone

probably o r ig ina ted  dur ing an earlj period of normal f a u l t i ng  aid was

later  involved in a later period of s t r i ke—sl ip  faul t ing.  Very few

branch or cross faul ts  have been located in the area , although t - po-

graphic express ions  indicate  the r presence.

ill. The Can Andrf uo fault is located about 18 miles w e s t — a -  uthwes t

of the dam and is the only known active faul t  in th is  r eg ion .  The

Healdsbur 1 fault , 2 m i l e s  west of the dam , while of the same system , has

not been considered active because surface breaks and coincidence wi th

epicenters are lacking. Many other faults in the region have po t en t i a l

for  earthquake ac~t i v i ty .

Seismic network

112. The micro se ismic  moni to r ing  network consists of eight

seismograph stations positioned around the reservoir area. These

stat ions and po r t i ons  of the Healdsburg and Geysers networks are shown

58



in  Fi gure 22. The station instrumentation , telemetry , and recording

e - ;u ipment  are s imi lar  to the ins t rumenta t ion  and equi pment used at New

Me l nes .  All stations are connected by nadir) l inks . As at New Melones ,

rec- r d i n g  and data r e d u c t i — ) n  are performed by the USGS at Menlo Park ,

C t l fo rn ia .

Cost s

113. The approximate anticipated and actual cost s of the War m
Spnin~ s moni tor ing  program are given below :

ins ta l la t ion :

Equipment

Seismometers , 10 ~ $320 $ 3 ,200
Ampli f ier /VCO unit , 10 ~ $35 0 3 ,500
Radio l inks , if used , 7 ~ $1,000 7,000
Discr imina tors , 10 ~ $150 1,500
Develocorder , 1/2 ~ $124 , 000 7, 000
Tape recorder (prorated) 1,500
Miscellaneous 24 ,000

$27,700

Salaries 3 ,800
Installation 2 ,800

Technical and Administrat ive Support 6 ,500

TOTAL $240,800

Operational years:

Salaries $ 9,000

Telemetry , 12 months t~ $315/month 3,800

Maintenance 3, 200

Computer Time 800

Data Processing 1,200

Technical and Administrative Support 7,300

TOTAL $25 ,300/yr

1114 . The f ina l  year of monitor ing is expected to cost an addi—

tional $5,000 to cover report preparation and the dismantling of equip-

ment. The seismic velocity survey cost approximately $20,000.
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Ce is~i I c  ve loci ty  model

115. The iete rr~inat ion ci crustal se i smic  ve loc i t ies  W i S

c -n du c te - i  in Augus t of 1976 and was s imilar  to that for Cew Mel ories .

PeCional and s i t e  s e i sm i c i t y

116. Warm Cprirtga Reservoir  is located in Zone 24 (great -i t m a c e)

of Algermissen ’ s seismic zonation of the Uni ted States. A lt t i - ugh r u

large h i s to r i c  earthquakes have occurred at the site , there  have been

numerous- severe and damage—producing earthquakes w i th in  approximatel y 50

m i l e s  of the site. The regional seismicity wi th  respect to ea r th  got -o~-s

exh ib i t i ng  MN in tens i ty  of VII  or greater is shown in Figure  2~~.

Generally , the loci of earthquake events are centered along the Can
Andreas fault zone to the southwest and the Healdsburg fault to t h e

northeast. The Geysers area to the northeast is also a center f r

earthquake activity .

117. The Warm Springs network and the pre—existin g UC iC r etw -rk

have detected numerous small earthquakes in the general area. ~--etween

1 January l97~i and 17 August 1975, 293 events having magni tude;  of 0. c)

to 3.51 have been recorded. The major i ty  of this ac t iv i ty  occurr -e- .1

along the Healdsburg fau l t  north of Santa Rosa and in the Geysers area

south of Clear Lake . A magnitude 1.91 event occurred approximate ly  5 km

southeast of Warm Springs at a focal depth of 0.92 km on 19 2 - e pt e rb e r

197 14 . This  event , although imperfect ly located , has been the ne arest t :

the reservoir site.

New Melones Reservoi r

118. The USGS has conducted microseismic monitoring at New

Melones Reservoir for the Sacramento District , since 20 January 1972.

The objectives of the monitoring were to evaluate the seismic hist ry of

the reservoir and vicinity before , during , and after f il li ng.

Geo1o~y of New Melones Dam and v i c in i t y

119. New Melones Dais and Lake are located in the s teep—sided

canyon cut in the lower Cierra Nevada foothills by the Stanislaus River.
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Canyon aides descend as steeply as 1450 from about elevation 1500 ft msl

to the narrow bottom near elevat ion 500 ft . ’°

120. Bedrock in the area cons ist s  of metamorphic  arid igneous

rocks.. Most of the metamorphic rocks are meta—volcanic rocks and

slate s ; meta—sandstone , Serpentine , and marble are less abun dant.  The

igneous rocks are ch ie f ly  grani t ic  and occur only sparsely in the

vicini ty . Repeated ep isodes of de formation and metamorphism have

blurred or destroyed or iginal  bedding and compositional variat ions.

121. The regional grain of geological feat ures trends about

N 145° W and is produced by maj or fault  zones and by lithologic varia-

tions related to major fold structures . The rocks are tightly

compressed, t i l ted, and folded. The darn area lies between two large

fault  systems , the Melones system on the east and the Bear Mountain

system on the west. The Bostick Mountain fault, a branch of the western

system, passes through the project area near the upstream limit of the

dam embankment .

Seismic net 23

122. The array consists of eight seismographs installed for this

project and one additional seismograph* (JAB ) which is a part of the

Univers i ty  of California (Berkeley ) network . The stat ion locat ions and
designations are given in Figure 2~.** The station equipment

~ consists

of a short—period (1 Hz)  vertical component seismometer , aznpl i f ier  and

VCO unit , and battery. Each station is connected by telephone line to a

central point where the multiplexed signal is sent by telephone line to

the USGS recording station in Menlo Park, California. Incoming signals

are recorded on magnetic tape prior to discrimination , and are then

demodulated and recorded on 16—mm film. Determinations of the locations

and the magnitudes of seismic events are performed by computer at
Menlo Park . The instrumentation system used at New Melones Reservoir is

similar to that used by the USGS at the Childress , Texas , injection well

(see paragraph 60).

~ A 1k—kg Benioff vertical seismometer.
•~ Reflects repositioning of four stations in 1976 in order to better
monitor the major fault systems.
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Costs

123. The approximate costs of the monitoring program are given

below :

Installat ion:

Equipment

Remote Equipment , 8 ~ $795 $ 6 ,360
Discriminators , 8 ~ $24 24 5 3,560
Seismometers , 8 ~ $325 2,600
Develocorder , 1/2 ~ $11,650 5,825
Radio links, 14 ~ $820 (not used) 3,300
Tape recorder 1,500
Miscellaneous 3,7140

$26,885
Salaries 3,000

Installation Expenses 2 ,700

Te chnical and Administrative Support 11,215
TOTAL $143,800

Operational years :

Salaries $ 7,000
Telemetry , 12 months @ $315/month 3 ,800

Maintenance 2 ,24 00

Computer Time 800

Data Processing 1,200

Technical and Administrative Support 5,300

TOTAL $20,500/yr

1214. Final year costs are expected to be similar to second year

costs except for an additional $5,000 to cover dismantling of equipment

and report preparation . The cost of determining the seismic veloc ity

model was approximately $20,000.

Seismic velocity model

125. During May of 1972, three seismic refraction profiles wer e

recorded by the USGS for the purpose of establishing the seismic

veloc ity structures at the site. Five holes were drilled and 2000 lb of

high explosives were detonated in each hole. The signals produced by

these detonations were recorded on the station seismographs and on 26
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port t~ ~e temporary seismic u n i t s .  The an alysis of these explosion s as

well  as t b - s e  f r -rn two quarry blasts permit ted the determinat ion - f

s e ism i c  ve loc i t ies  in the upper crustal  layers .
10 23

Re~~i -ri al and site seismicity

126. The New Melones Reservoir is located in Zone 3 (major

iamage ) of Alcermissen ’s seismic zonation map of the United States.

This suggests that the site is situated in a relatively active seismic

area. However , there have been no serious , dam age—producing earthquakes

w i t h i n  approximately 50 miles of the site in h i s to r ic  t imes .  ‘Iw

earthquakes having in tens i t ies  of VII to VIII have occurred to the

southwest of the  site at dis tances  of 140 to 50 miles away . Wi th in

100 miles  of the  s i te  there  have been numerous large , damage—producing

earthquakes.  The regional seismicity with regard to earthquakes having

In t e n s i t i e s  greater  than V for Nevada and greater than VII for Calif~ rnia

is sh- wn i in Figure 23.

127. T u e  current seismic monitoring program , which has been in

e ff e t f r  over three years and which has covered pre—filling conditiun~- ,

has n t detected any earthquakes within approximately 30 km of the sitc’

h weve r , distant events originating along the San Andreas fault zone and

other earthquakes in central California and in Nevada have been detected.

Al so , nuiser us blasts and explosions have been recorded. It would seem

that t he site is relatively aseismic with respec t to micr oearthquakes as

it is with respect to larger events. Filling of the reserv oi r is

I~xpected t - begin in 1977 or 1978 and monitor ing will continue tb r  O~~}I

this phase.

I
Cochiti Reservoir

i ;b . Cochiti Reservoir is located in seismic Zone 2 -ri the

~ io Grwide R iver approximately 24 2 miles upstream from ~l iu q u e r q u e , New

Mexico.  The USGS is cur ren t ly  conduct ing  s tud ies  cr1 the Rio Gran le R i f t

Zone and is operat ing an array of 13 seismu rietess in the v i c i n i t y  of

J~mez ~a1-~era locate-i approx imate ly  20 miles  northwest  of the dam . 1)ne



high—gain , short—period vertical component instrument in this array is

located at the darn and another instrument is located on Tetilla Peak

approximately 5 miles east of the dam . Although this program was not

designed to monitor reservoir—related events , the two nearby instruments

which can detect magnitude 0 to magnitude 1 earthquakes will be able to

provide some coverage of the reservoir. The reservoir is currently

being filled .

Dickey—Lincoln School Project

129. The Dickey—Lincoln School Project consists of two proposed

Iazns on the St. John River in northwest Maine . The earthquake hazard

and seismological investigation at these sites did not reveal any active

faults nor any macroearthquake act ivi ty in the immediat e vicinity of the

sites although there were numerous actual and postulated faults of

Paleozoic age in the area. The investigation concluded that the area of

most interest was the more active St. Lawrence Valley seismic belt
214located approximately 145 miles to the northwest (Figure 25) . The

St. Lawrence Valley area is in Zone 3 (major damage ) of Algermissen ’s

seismic zonation of the United States. This zone, according to

Algermissen , also extends into the project area.

130. Currently the New Englend Division (NED ) is developing a

program of microseismic monitoring of the site area.* Weston Observa-

tory , Boston College, under contract to the NED , has established one
short—period seismometer station at Allagash, Maine . Three more stations

were scheduled to be added during the summer of 1976. If considerable

microearthquake activi ty is detected , the four—instrument net will be

supplemented at a later date by five additional instruments. Monitoring

is expected to continue through the post—filling stages of both reservoirs .

* Per sonal communicati on , Mr. Edward Blackey , New England Division .
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Projects in the Southeastern United States

l i. Microseismic monitoring has been conducted at Carters

Reservoir in northern Georg ia and at Clark Hill  Reservo ir on the
Savannah River between Georgia and South Carolina. These monitoring

programs have been performed by academic instit utions with CE coopera-

tion and assistance but were not sponsored directly by the CE. A j-~ o—

posed reservoir , R i c h a r d  B. tussel l  (a l so  on the ~avannah R i v e r ) ,  is

ex pec t ed to be the  object  of a CE—sponsored ea r thquake  r i sk  i n a ly s i s  and ,

mcst l Ik e l y ,  m ic ro sei smic  m o n i t o r i n g .

~-e~~iona l  s e i smic i ty ’°
132. Regionally ,  the southeastern Uni ted States has experienced

s ignif icant  earthquake a c t i v i t y .  This  a c t i v i t y  more or less con fo rms  to

two broad zones.  One extends along the strike of’ the  southern.

Appalachian Mountains and the other is normal to the strike of the

mountains and encompasses the state of South Carolina. The seismicity

in the southern Appalachian area is shown in Figure 26.25 The i~outh

Carolina seismic belt has experienced the most intense earthquake

activity in the southeast. Of particular importance was the I~~8( ev er~t

in Charleston , South Carolina, which exhibited an M1~ intensity of X.

Figure 26 also shows a narrow zone of earthquake activity along the

Savannah River near both Clark Hill and Richard B. Russell Reservoirs.

The three reservoirs of concern here are all in Zone 2 (moderate damage)

of Al germis sen ’s seismic zonation of the United States .

Carter s Reservoir2

133. Carters Dam is in the Dahionega subdivision of the Piedmont

physiographic province. This region is character i zed by rugged ,

mountainous terrain. Prior to construction of the reservoir , the

Coosawat t.ee River flowed through a gorge flanked by hills and ridges 300
to 700 ft high . An irregularly shaped escarpment immediately downstream

from the darn separates tne Piedmont from the Appalachian Valley
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provin ce. This escarpment is the result -1’ f a u l t in g  ari l -lifferential

e r - - s i - n  a l o n g  the conta- ’t between hard crystalline r- - ‘k:; a r o - A r I - I  the

reservoi r  tn - f  sof ter  sedimentary  r ocks - f  the broad val ley i a n - i s  to the

southeast.

l~ 14 . The Precambrian Ocoee series of meta—sedimentary rocks

;nleriies the dam and reservoir area. The (icoee is composed here of a

c -ntinuous series of rock types with quartzite and phyllite as enc

members and argillite between. -~wtrtzite predominates but it is i n t e r —

bed -led w i th  the other types . Ind iv idua l  beds vary in th ickness  from

laminae s ize to 50 ft. The quartzites vary from conglomeratic to higb±y

argillaceous and micaceous types but are mostly very hard , quartzose ,

slightly micac eous, med ium—grained , mass ive rock s wit h excel lent

engineering properties. The phyllites are moderately hard rocks that

have a character ist ic  wavy foliat i on and silky sheen on fracture

surfaces and semi—slabby fracturing . High concentrations of phyllite

occur near indicated faults.

135. The Conasauga formation of Cambrian age underlies the Valley

province and consists of shale with ~ few limestone beds . Topography is

controlled to a large extent by the geologic structure. The lower ,

nearly flat valley areas are developed upon the shale , and the higher

plateaus and north—to—northeast trending ridges are generally capped by

harder limestone which has resisted erosion . The strata generally dip

140 to 7O~ east.

136. Geolog ic structure in the Ocoee series is extremely complex .

Lithologic units are discontinuous along both strike and dip directions.

Numerous healed faults and overturned folds have been observed on out-

crops . The general dip direction is eastwardly at about 20 to 30°, but

variations from 100 west to 65
0 east are common .

137 . One -~f the major thrust faults of the southeastern United

States , the Cartersville fault , is located along the boundary escarp-
ment. It is a zone of movement or a maze of interlacing faults that dip

eastwardly approximately 60
0
. Presumably the zone flattens out at
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depth. The rock within this zone is a distorted hybrid type formed by

mixing and intermingling of the Ocoee and the underlying Conasauga

formation as shearing took place.

138. The thickness of soil overburden is quite variable due to

the variety of topography . Near the darn the valley walls have retained

li t tle residual soil ex cept near the base and near the uppe r limits

where as much as 20 ft of silty clay and disintegrated rock is present .

:~ear Globe site , 5 miles upstream from the dam , soil is much th icker

though the valley is narrower . As much as 70 ft of residual soil was

found there by drilling . Generally the soil overburden is thickened in

the Valley province to the west ; at the reregu lation darn locati on about

2 miles downstream from Carters Dam , overburden soils average about 18

ft in thickness and consist of rnicaceous clayey silts ant i lean clays

with some strata of fine silty sands. A thin silty—cjoiyey—gravel layer

overlies the top of the rock.

139. Professor L. T. Long of Georgia Institute of Technology (GIT)

is currently conducting microseisrnic monitoring at Carters.* The
purpose of the monitoring is to detect and identify earthquakes which

might be foreshocks for a larger earthquake . The instrwnentat i - n

includes a short—period vertical component seismometer positioned near

the visitors ’ center at the dam . A helical drum recorder is o ’ated in

the vis itors ’ center and records Monday through Friday 1 e a f  week . A

WWVR radio receiver provides universal t ime . ~
‘-eisrm ~rnr . crc railed

weekly to GIT where they are examined. Of special  interest  are events

located within approximately 15 km of the reservoir since these events

would , most likely , be indicative of stress conditions in the reservoir

area. Although events beyond 15 kin have been detected , no earthquakes

have been recorded at distances less than 15 km. In the event that

close—in activity is detected , GIT would supplement the existing station

with three to five additional geophones.

* Dr.  L. T. Long , personal communica t ion .

71



Clark Hill Reservoir

1240. Clark 11111 Dam is on the Savannah River near the south-

eastern margin of the Pie- in-nit Plateau region of Georgia aru South

Carolina. Topography of’ the reservoir area is typical of the eastern

Piedmont. The drainage pattern is dendritic and streams have reached a

mature stage in the erosion cycle. Summits of the broad , rather f la t—

topped ridges between stream valleys are remnants of an old erosional

surface into which the valleys have been incised . The high—level

surface has a general elevation of about 500 ft above sea level near the

darn and slopes gently to the southeast . All streams are still degrading

their courses; stream gradients are rather steep ; shoals and rapids are

common ; flood plains are developed only along the main trunk streams and

are mostly very narrow , an exc eption being in the vicin ity of Augusta ,

starting some 15 miles southeast of the dam .
27

1141. The reservoir area is entirely underlain by crystalline

rocks of igneous or metamorphic character . At the dam the formation is

the Carolina gneiss , which in the vicinity is a rather coarsely crystal-

line biotite granite gneiss generally regarded as upper Precambrian to

Cambrian in age. Intrusive into the gneiss are several stocks of
younger , even—textured, mediurn—grained biotite granite. One of these

in t rus ives  forms the left  abutment of the dam.

142. Four miles upstream from the darn, near the mouth of Littie

River , a fault  ( 9 )  contact of the Carolina gneiss  crosses in a north—

easterly d i rec t ion .  Beyond thi s contact a 15—mile—wide belt of

meta—volcanic and meta—sedimentary rocks trends northeastward across the

region. These younger format ions , known in the past as the Litt’e Creek

series , are dominated by a.rgillite though a variety of graywacke ,

agglomerate and tuff types, and volcanic flows are included . The age

has been bracketed in the interval Ordovician to Mississippian .27

South from a point  about 12 miles  southeast of the darn , relatively weak
rocks and lightly consoliiated sediments of Cretaceous and Eocene age

overlap and cover the oL-I , hard crystalline formations . As a result of

dynami c metamorphism , the older rocks have been completely recrystal—

lized and a generally parallel orientation of’ the mineral constituents
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has developed distinct cleavage and foliation . The regional strike of

the fo l i a t i on  is northeast  and the regional dip is to the southeast at a

high angle.  Folding has been so complex , however , that the attitude in

any given exposure may vary widely . Minor faulting is evident in

outcrops but the only known major fault  is the one bel ieve-I  t - separate

the Carolina gneiss  from the Li t t le  Creek series. ‘ r ;e fault near

Augusta is suspected of having had movement in the Holocene. 28

l14~~. Residual soils in the region are red to gray s t i f f , sandy

clay s and sandy s i l t s .  The top 10 ft of soil tends to be red , clayey ,

and less pervious than the soil below . Grain size increases downward to

gray clayey sand wi th  angular fragments jus t  above bedrock. The total

soil thickness  is usually about 25 ft. Similarly the valley alluvium

measures about 20 f t  and consists of sand and silt with minor lenses of

gravel ar .  pockets of clay .

11414. Clark Hill Reservoir has been monitored at various t imes by

GIT under the  d i rec t ion  of Professor Long and by Professor Pradeep

Talwani of the University of South Carolina (USC). Both investigators

have reported rnicroearthquake ac t iv i ty  in the v i c in i ty  of the reservoir

and have st A- - li ed the relat ionship between the frequency of earthquakes
and the water level in the reservoir .  These special monitoring programs

have been supplemented by data derived from the permanent seismic net

ope rated by the U~ G~ and USC in S u t h Carolina .

I L . 5 .  Denrnian , a stu-Jent --I ’ Long , c-)n-lucted micr-sseismic monitoring

between September  197 3 and Apr i l  i9~~+ . Eleven stations were operated

for approximately 95 days. Most of the rn~ n i t -~r ing  was with a single

s tat i on  ;tlth~~ gh three s ta t ions were operated s imultaneously for a short

period Appr xirrtately 11 e 1nts were recorded ; however , no posit ive

re la t ionship could be ma~l~~~~etween the seismici ty and the water level in

the  reservoir .

1146. Talwani and his students have s to - l i ed  the seisrnici ty in the

vi cinity of Clark Hill Reservoir sir ’e the occurrenc e of the magnitude

14 .3 event nearby on 2 August l97t4 . ’0 T1i~~ediately following this

earthquake three portable seismometers were placed in the epicentral

7~



area . This was followed by monitoring with a single instrument for

several months . In 1975 the region was monitored for over a week in

March with three to five seismometers and for about seven weeks in the

summer of 1975. During this  monitoring period over 1000 events were

detec t ed . One instrument is currently in operation in the ep icentral

area .

1147 . March of 1975 was a particularly rainy month and as a conse-

quence the water level in the reservoir rose over 5 ft. The seisinometer

net was installed shortly after a period of heavy rainfall and while the

water level in the reservoir was ris ing. The earthquake frequency also

increased while the pool was filling. The earthquake activity appeared

to slacken as the reservoir f illi ng leveled off, then lowered somewhat .

Talwani, based upon this evidence , suggested that there was a possible

d irect relat ionshi p between the frequency of earthquakes and the pool
elevation . 31

1148. Def in i t ive  di rect  relationships are , however , very d i f f i c u l t

to formulate without a solid baseline from which to make comparisons .

Conclusions such as Long ’s and Talwani’s, as logical as they may be ,

suffer from the~ defect  of not knowing what the background se i smicity was
for a period of t ime prior to the construction of the reservoir.

Furthermore , monitoring durations of weeks or even months do not provide

a s ta t i s t i ca l ly  broad period of t ime for analyzing earthquake events .

R ichard B. Russell Reservoir32

149. This proposed reservoir is to be built on the Savannah River

approximately 30 miles upstream of Clark Hill Reservoir and 25 miles

downstream of Hartwell Reservoir. Although the tnicroseismicity near the

Richard B. Russell and Hartwell sites has not been studied in detail,

Figure 26 does indicate the occ urrence of historic earthquakes in th is

region. The extent to which the Richard B. Russell site has been

affected by filling of Hartwell arid Clark Hill Reservoirs is unknown .

The nearness to two pre—existing reservoirs is an additional complica—

tiu rt to determining bas€~line seisniicity at the site. The earthquake

risk analysis proposed for Richard B. Russell will consider this rela-

tionshi p as well as other aspects of the reg ional and site seismicity .
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PART V: MF~I’HODS OF DATA ANA 1~Y -IS

Introduction

150. Having stud i ed the local ~e -l -  gy an-i s~ isrn i~ i~ y art I

i ns ta l led, ca l ib ra ted , and de—bugged an instrumen t array , the  -~r~’ar i ma—

tion sponsoring the monitoring (or the c -nit r a’t-r ) is faced wi’h thc

problem of rev iewing and analyz ing the rec’or-Ied data arJ a r r i v in g  at

conclusions from the data which are pertinent to the installation being

monitored . Depend ing upon the amount of seisrnicity and the data

processing capabil ity , this may become a sizeable task.

151. The required information to be determined from the seismo-

graph records includes the identification of actual earthquakes (as

distinguished from man—made effects ), epicentral and focal locations ,

and magnitudes for all natural events. Upon determining this inforrna—

t ion , the data must be listed , plotted on maps and charts , and grouped

i n  such a manner tha t one can compare variations in seismicity with time

or so that one can compare levels of seismicity with either rates or

duration s of either injection or filling .

Seismograph Analysis

152. The examinat ion of the seismograph records is the f i r s t  step

in data analysis. This examination consists princ ipally of identifying

earthquake events. Quarry blasts or other man—produced explosions may

complicate this step in the analysis , but these events can usually be

rapidly iden t i f i ed  by several techniques . These include the wavetrain ,

but of more importance are the times of occurrence and the arr ival  times

of the events. Knowledge of blasting sites and the usual time of

blasting , as in a mine or quarry for example, will simplify this portion

of the study .

15



153. The d e t e r m i n a ti o n  of f i r s t  arrival t imes for  the  p — w a / e

( w h i c h  arrives first) and the s—wave is the next step in; the aroi~ ysis.

The d i r  - r iome ter  is  coupled to the r e cu r le r  and these t ime i n t e rv a l s  ‘ire

shown as tick marks on the f i lm or paper record . T—wave a r r iva l s  are

somewhat more - i i f fi c u l t  to pick as this  event is of ten obsc ure -u by the

p—waves.  In Part III it was mentioned that the t ime d i f f er e n c e  between

these f irst arrivals mult ipl ied by 8 km/sec y ielded the distance to the

earthquake focus. * This may be used for epicenter determ ina tion in the
absence of detailed information on crus ta l  veloci t ies .

Focus and Magnitude Determinat ion

1514 . Computer programs exis t  which permit the rap id determina tion
of earthquake magni tude , epicenter , and focal depth for ins t rument

arrays such as those which have been described in this report. HYPO 71,

a program in use by the USGS , is one system available.33 This program

is readily adaptable to most computers and is used by the USGS on l~~1

370 and CDC 70—600 systems .**
155. ~3rief1y , HYPO 71 operates in the following way . Input data

programm ed in the compu ter incl ud e the lat itu de , longitude , an-i.
eleva t ion of all seismometer stations in the net and in formation on

* The value , 8 km/sec , is based upon two assumptions : f irst, that
Poisson ’s ratio is approximately 0.25 (this yields a V / V  ratio of

1.73); secondly, that V is around 5.8 kin/sec . These values are

useful for hard , crystalline rocks but may be inaccura te for
sediments , soil , or sedimentary rocks . The actual value of the
fact or is:

V
p

(
~~~~~~ l)

and can be measured by calibrating with quarry blasts or by seism ic
profiling .

** Personal communication , Mr. Rick Lester , USGS, July 1976.
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the crostal seismi c velocities in the area of ’ interest. I nput nata

deriv e-i from the uceismogruph re-~~r Is and which  are punched -~ rc oar- is

i nto I ti e t h e  p— an-i s—wave first. a r r iva l  times for hyp- cen te r  ie te r rn ina—

ti -It and the d I t r a t i u n  - - f  t he  p—wave from the time of its first arrival

until its ‘cnj-i itude -irops to less than 1 cm. Th is durat ion is use l to

let e rm i n e  nnctgn it~t - Ie .

The computer calculates and prints out the epicentral

l o c a t io ns  by ot i t u d e  and longitude , focal depths , magnitude , and

time of event , as well as an i n d i c a t ion  of the relat ive re l iab i l i ty  of

the ;tpst data .

Analysis of Seismici ty

157. The events located dur ing  the monitoring program should be

plotted on a geologic map of the site. This permits rapid observations

to be made on any spatial relationships between the seismicity and known

geol -gic s t ruc tu re s , and also points out anomalous seismic areas whi ch
may sugges t  unknown faul ts .

158. The study of the local seismici ty  should not necessarily be

limited t . the area within a 10— to 15—km radius of the reservoir or

well but should also inc lude listing and plott ing events beyond this

radius. These inc— re distant events provide baseline data for the

following situations.

a. When monitoring faults near the site prior to filling
or inject ion , there is a need to know the background
seismicity bey ond the fau lt in order to determine
the significanc e of events at the fault .

b. During the monitoring of reservoir filling or the
inje-’ti on of fluids , the se ismici ty  beyond the si te
as well as pre—filling or pre—injection seismicity
provides baseline information with which the post—
f i l l i n g  or pos t—in jec t i on  seismicity may be compared .

159. Thus, the variat ion in concentrat ion of seism ic event s at
various distances from the site may be a method of determining differ-

ences between seisrnidity at the site versus beyond .
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leO . The example given in Figure 27 illustrates a monitored

resrrv -i r with plots u-I’ earthquake epicenters detecte d -luring r~re—

f i l l i n g  monitoring. There -‘i re rio known structures which could be

considered an earthquake source.

l~ 1. 
‘ur is ider ing  the example given in Figure 27 one might

quest ion the significance of the events close—itt to the reservoir site

with respect to more distant events.

I L .  The s t a t i s t i ca l  s ign i f icance  of these c lose—in  events may be

calculate-i by various techniques .~~ One such method , the t—test , was

used to evaluate this  example. These calculat ions revealed that there

is little likelihood of any significant difference in close—in versus

distant  se ismici ty . This is also more or less evident from merely

observing the data . Thus one concludes that the reservoir site is not

atypical .

163. Figure 28 shows the sane reservoir and the hypothetical

seismicity during the post—filling phase . Comparison w i t .h the dat ’c

in Figure 27 reveals an increase in the number f distan t and close—in

events as well as an increase in earthquake magnitude of close—in

events. Having established in the first example that the reservoir area

i s not particularly di f ferent  from the area beyond , we may now inquire

as to the si gnif icanc e of the seism ici ty in the shaded area versus the
regional pattern determined by pre—filling monitoring . This may be

accomplished by statistical comparison of the events in the shaded area

after filling with the total of events detected during the pre—filling

phase. Statistical analysis using the t—test suggests that there has

been a significant increase in the level of seismicity in the close—in

zone .

i614. Another approach to the problem of comparing levels of

seismicity is the use of graphs . Plots of earthquake magnitude versus

t ime provide valuable insight int o the t ime dependency of ac t iv i ty  and

permit comparisons of seismic levels during various monitoring phases to

be easily made. For example, if several of the ‘~rger events shown in

Figure 28 (post—filling ) occurred in a relatively short time period

after filling , there would be added evidence for induced seismicity .
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Ii ‘ - . In areas of high act iv i ty  there may be some advantage in

plott ing seismic rates versus time—for example , events over a particular

magnitude per day or per week versus month of monitoring . This type of

plot as well as the one described in the precedin g paragraph perm its

rap id evaluation o~’ hanges in levels of seismicity an-I is more easily

visualise-i than the statistical techniques .
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PAR T V I :  SU~~1AR Y AND CONCLUSIONS

~~~ The CE has conducted or is current ly conduct ing microseismic

- - c i  ~~nit :; inc reservoirs (tow I-N I once : ; , Warm ~jri ngs , Libby ,

t w r : h t t y , ‘h a t f ield , Pour Creek , }aint svill ’ , Tocks Isla nd , and

ITh c kev—I i nu - -in school ) and one injection well sit ’- (Chil -Irrss ,
r
~ e:.as). Two reservoirs  ( Carters anu Clark Hill) have been monitored by

academic instit :ti-ns with CE cooperation , and mon itor ing has been

pt’oposed for one reservoir (Richard 13. Russell). Monitoring has been

con ducted at Cuchlt i  Reservoir  by the USGS as a par t of one of thei r

programs. Although instruments hav e not in all cases been installed

prior to constr uction , the purposes of these monitoring programs have
been to investigate the local background seismicity and to compare the

se ismici ty  a f te r  reservoir  f i l l ing or f lu id  i n j ection with that pr ior

t~ filling or injection . The monitoring has been conducted under

contract by the USGS at three sites (New iielones , Warm Springs , arid
Childress), and by academic institutions under contract at six sites

(Libby , L’worshak , Chatf ield , Bear Creek , locks  Island and Dickey— in c ul n

School). The CE District has conducted the monitoring in—house at one

site (Paintsville) and another District is expected to take over opera—

-ions from a contractor at another site (Libby).

167 . These contracted and in—house  programs have involved m o n i —

turing with arrays consisting of three to eight short—period , vert ical

component seisinometers and necessary amplification and modulation

equipment for long—distance telemetry of’ detected signals to a central

demodelatinig and recording center (usually to the contractor ’s of f i c e  or

the District - -ffice) where the data are analyzed .

~~~ To date there have been no uneq uivocal indicati ons that

ei ther  reservoir f i l l i ng  or f luid in ject ion at CE proj ects has jcr oluced

any change in the  level of seismicity at the monitored sites . There is

a sugges t ion , however , that there may be a relat ionship between

reservoir pool level and srnall—rnagnitode seismicity at Clark Hill
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Reservoir along the Georgia—South Carolina border. The evidence for a

d irec t causal relat ionship is not de f in i t ive , however , and this will be

addressed during the seismic risk study at the Richard B. Russell site

upstream from Clark Hill .

1( 0 . These moni to r ing  projects have generally shown that a long

pre—fi l l ing  baseline must be determined in order to avoid erroneous

conclusions .
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PART VII: RECOMMENDATIONS

17°. The following recommendations are based upon CE and others ’

experi ence wi th microseismic monitoring at various installations
sit;ic-tted in ge )l gically and seismologically diverse areas . The recom-

mendat ions include considerat ions of earthquake risk ~ tudlès~, 1ns~~rument
type and placement , durat ion of monitoring , and data analysis.

Seismic Risk Analysis

171. Decisions affecting the design of the total monitoring

program must be based upon knowledge of the local geolo~~r , particularly
the structu re and tectonics , and the s~~ismicity of the area of concern .

This wi ll provide detailed informat ion on the activ ity of local faults

and yield some data on expected levels of background seismicity as well

as ground motion input to the overall project design . In some cases it

may be helpful to initiate a limited monitoring program at the outset of

the seismic analysis in order to provide input data. Whether or not

this is done would probably depend upon the prior knowledge of the site.

Ii - wever , short— duration and/or vaguely planned monitoring programs will

not prov ide meaningful data due to the statistically short mon itoring
period and the limite - number of instruments which would be installed in

suc h a scheme .

Duration of Monitoring

17: . The time of monitoring must be of sufficient duration to

enc ompass pre— , during— , and post—filling or injection phases in order

to permit comparisons to be made of the respective levels of seismicity .

F u r t h e rs - - r e , the  time for monitoring a particular phase should be of

suc h a l eng th  that a st at is t ica l  sampling of the ambient or possible

induced seismicity can be taken . This would mean a minimum of a year
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for pre—filling or injection phases and#possibly three years for post—

f i l ling or injection , depending upon the level of’ ambient se ismici ty  at

the site.

N umber of Instruments

173. Since instrument number as well as arrangement affect~~ the
quality of the data with respect to hypocenter location , earthquake

source, an-i earthquake magnitude def ini t ion , it is necessary to employ a

min imum of three or four instruments. Four has an advantage in that the

above data can still be determined if one instrument is not operable.

One instrument may be used , however , for initial or preliminary moni-
to r ing if measur es are taken to add supplemental instruments in the
event that microearthquake activity is detected .

Location of Instruments

1714. Instrument sites should be based upon the following guide-

line s :

a. Locate away fron1 industrial operations if possible .

b. Position array such that selected instruments are
near or at structures of interest with the remaining
instruments positioned around the site to measure
ambient or background seismicity.

c. Instrument spacing and arrangement should provide
east — w e n t  and n o r t h — s ou t h  c o n t r c - l  f - c r  t h e  accura te
det•orrnination of hyj cwenters.

Instrumentat ion System

175. Off—the—shelf commercial packages and components are availa-

ble. The choice of models and types of specific components depends

mainly upon the sensitivity required and the number of channels operated.

The system should detect close—in events having a magnitude of one or
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zero. The location and type of recording system are dependent up-~nc the

loc atic-n of the project with respect to available facilities . These

decisions must be based upon a study of relative costs. Generally ,

there is no prefer red or “best ” method for all sites for designing the

ins t rumenta t ion  system .

a
Data Analysis

l7(.. Magnitude , focal depth , and epicentral location must be
determined for each recorded natural event. This can be done using

available computer programs. Focal mechanism studies should be

conducted for selected events. Epicenters of recorded earthquakes

should be plotted on maps and the levels of seismic ity detected at
various distances from the project site should be analyzed either
visually or statistically in order to understand relationships (if any )

between seismicity at the site and that away from the site. The number

of earthquake events per day , week , or month within a selected radius of
the site should be plotted versus time on a graph in orde r to show
relative levels of seisniicity during various phases of operation.

I
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APPENDIX A : V ch lF 1 E~) MERCALLI INTENSITY SCALE OF 19t1

(Abridged )

I. N-st felt except by a very few under especially favorable

c i rcumstances .

II. Felt only by a few persons at rest , espec ially on upper fl’o,rs.

Delicately suspended objects may swing .

III. Felt quite noticeably indoors , especially on upper CS -- rn of

buildings , but many people do not recognize it as an earthquake.

Standing motor cars may rock slightly . Vibration like passing

of truck. Duration estimated.

IV. During the day felt indoors by many , outdoors by few . At night

some awakened . Dishes , windows, doors disturbed ; walls made

cracking sound . Sensation like heavy truck striking building .

Standing motor cars rocked noticeably .

V. Felt by nearly ever yone ; many awakened. Some dishes , windows ,

etc ., broken ; a few instances of cracked plaster; unstable

objects overturned. Disturbance of trees , poles, and other tall

objects sometimes noticed. Pendulum clocks may stop .

VI. Felt by all; many frightened and run outdoors. Some heavy

fu rn i tu re  moved ; a few inst ances of fallen plaster or damaged
chimneys. Damage slight.

VI I .  Everybody runs outdoors. Damage negligible in buildings of good

design and construction; slight to moderate in well—built

• 
ordinary structures; considerable in poorly built or badly desi~~ied

structures ; some chimneys broken . Noticed by persons driving

motor cars.

VIII . Damage slight in specially designed structures ; considerable in

ordinary substantial build ings with partial collapse ; great in
poorly bui lt structures . Panel walls thrown out -f frame

structures. Fall of chimneys,, factory stacks , column s ,

monuments , walls. Heavy furniture overturned. Sand and mud

ejected in small amounts. Changes in well water. Disturbs

persons driving motor cars.
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IX . Damage considerable in specially designed structures ; well—

designed frame structures thrown out of plumb ; great in

s~ bstantial buildings with partial collapse . Buildings shifted

off foundations . Ground cracked conspicuously . Undergroun-I

pipes broken .

X . Some well—built wooden structures destroyed ; most masonry and

f rame structures dest royed with foundations;  ground badly
cracked . Rails bent. Landslides considerable from riverbanks

and steep slopes. Shifted sand and mud . Water splashed (slopped)

over banks.

XI. Few, if any (masonry), structures remain standing . Bridges

destroyed . Broad fissures in ground. Underground pipelines

completely out of service. Earth slumps and land slips in soft

ground. Rails bent greatly .

XII. Damage total. Waves seen on ground surfaces . Lines of sight

and level distorted . Objects thrown upward into the air.

A2



In ccoi~dance with ~~ 70-2-3, par agraph 6c(1)(b) ,
d*ted 15 Februar y 1973, a face Infl e cate.log card
in Libra ry of Congre.~ format ie repro duced below .

Pat cOck , U a ’ ; c t
- ‘  . ; ~-~ c -- •c- ~n . - r i ; i ’  at or p c ;  - i i ’ - r I ’ ~ -

- - t ’  - - - , ~-y : -
~

-
~~ -‘ . U’c ri r)’  . V i - — k - ; l - ’ . , U.

Arr’- y - c m -  ~c-c - y~- c~xn1- r~ — :ctci ’ i - - r . 1’~ T~~.
1 v .  ( .‘; ri - - -c s nac’:rc m- - i l lu s .  ~ -c r- . Cu

~-: -:~r c - Tp c ’ t r  I ~c - I repo r s—7 —2 ) 
r — - _ l -  ~ , ~l i e f - -l ~~~,;c’ i n  ~— - , ;c . 5.

~~c t i y c - O - - r j , D. ‘ . , c rc - I ’ - ;  Sr - ‘ c. m l , ‘Srcc;k ~t ‘
n c l c  1 , - cc h i  t~ I - cr’cuhv -

1 .  l- ’ i c  r - -~-E i r t  h -~~c a k r s  . 2 .  lR p c c e r v - - i r c . i c;cci -i ‘c.
S e i .  -m- ’ - - r . - c . I .  5 . 5 . Ar T,y . 2 - c c - ;  mc F ccc i -

1 . 5. Ut ; -r w cvc Expr- ricr~ rc ’. ‘c ic - cc , cck 1 c r ’ ,
ss. ~~~- t c c c i - m i  repor ’ 5 — 7 7 — 2 )

A~ .WVc n - . :’ —~ 7—2


