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ENCINZERING GEOLCCY OF THE PROPOSED NUCLEAR POWER PLANT SITE ON
BODEGA HEAD, SONOMA COUNTY, CALIFORNIA
by
Julius Schlocker and Manuel G. Bonilla

ABSTRACT

This report summarizes the geology of a shaft excavated for the
proposed nuclear reactor and diecusses geologic features on Bodega
Head and on Point Reyes peninsula that relate to geologic aspects of
earthquake-resistant design.

The reactor shaft exposed Pleistocene sediments overlying granitic
bedrock. The sediments are as much as 43 feet thick, dip gently south-
eastward, and consist of nonmarine, gray massive, gravelly sandy clay.
The granitic bedrock is mostly a foliated, biotite-hornblende, quartz
diorite. Faults and joints are common in the granitic rock, and one
complex fault displaces the overlying sedimente as well as the granitic
rock. The age of the latest faulting cannot be determined.

Faults that occurred on Point Reyes peninsula in rock similar to
thet of Bodega Head as & result of the earthquake faulting that occurred
in 1906 indicate that if some future earthquake, in which fault displace-
ments comparable to those that occurred on the San Andreas fault zon2
in 1976, took place near Bodega Head, rupturing of near-surface granitic

bedrock would be expected somewhere on Bodega Head.
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The Pacific Cas and Electric Company (PG&E) has apprlied to the
U. 8. Atomic Energy Commission for permission to construct and operate g
¥ ¥

@ nuclear-powered electricity generating plant on Bodega Head, Sonoma
: County, California. Questions have been raised about the potential
hazards to the plant posed by ite nearness to the San Andreas fault
zone. The plant might be damaged by shaking from seismic waves or by
rupturing due to earthquake-produced faults that might pass through

the site.

ismological aspects of these problems have been

logicel Survey. Some of the results

~

have
presented in TEI Report 837 (Part I-Schlocker, Bonilla, and Clebsch;

rart II-Zaton, 1963). The present report discusses the specific pointe

brought out in TZI-837 that could be resclved only by detailed field
o Vv v

" ) . P - oo 1 % N v 3 1~ -~ . :
study at tke site itself, as well as by y of the relationship

tetween surface ruptures resulting from the 1906 2erthouake and the

11t zone, To that extent the present report supplerente

ven ] 1A a A - ) 1 ¢ - a4~ A ol - )
ncludes a detailed geclogic description of a sh

f't

o

excavated for the reactor foundation. The examination of the shaft

was undertaken to determine whether tectonic faults cut Pleistocene

and Recent sediments that overlie granitic bedrock. One of the main

purposes of this report is to evaluate the probability of future surface

faulting at the site. Because such faults at the reactor site would

lie west of the main San Andreas feult zone, data on surface ruptures
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west of the Sen Andreas fault zone, particularly historicel events,
are pertinent In predicting future surface rupturing at the site.
Surface rupturing that developed during the 1906 earthquake west of
the San Andreas fault zone was investigated on Foint Reyes Peninsula,
17 to 30 miles southeast of the eite.

The report has been prepared in response to a request from
Chairman SQQborg to Secrctnry Udall dated Octnber 3 Close contact

o o -
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with the AEC regulatory staff has been mnintnined in order to lpprile
the Commission staff of work progress as it might affect studies of
the site by other Government agencies and consultants to tke starr.

The continued cooperation of officials and employees of Pacific
Cas and Electric Company and their contractor, Peter Kiewit Sons Co.,
greatly faciliteted this phase of the investigetions. Their help is
lppreciated.

The location of the shaft for the reector foundation is shown
on plates 1 end 2. The term "plant north" as used ir this report
refers to PC&E's plant ccordinate grid and is 32° 6' west of true
north. The shaft is 140 feet in diameter. The bottom is at
approximately -73 feet (mean lower low water datum, MLLW).

A concrete collar two feet thick, about ten feet deep, end

SERTE TS

slightly larger in diameter than the shaft proper was first con-

structed. The elevation of the top of the collar ranges from +0.7$

i
! to +3.88 feet. A bulldozer and a loader excavated the shaft. The
} granitic rock below the weathered zone was loosened by blasting.

AT

: '1 o . The excavated material was removed from the shaft by a clamshell
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bucket working from outside the collar. Horizontal ring beams,
generally spaced L to 5 feet apart vertically, were used for wall .
support. Gunite placed on heavy wire mesh was used to prevent '
spalling and sloughing of the wall. A L8-foot sector of the wall
on the south side is supported by sheet piling to about elevation
«-20 feet.
Geology of the wall of the reactor shaft wae mapped during
the actusl excavation because the wall was generally covered
shortly after it was exposed. In the vicinity of the plant south
line, poorly consolidated wet sands had to be supported immediately
after excavetion; comsequently structural features of the sedimente
wvere not seen in these areas.
The site is edjacent to Campbell Cove on Bodege Head (pl. 1
and 2). Details of its topographic setting and a summary of previous
geologic investigations are given in TEI-837. Bodega Head is a
granitic body that lies west of the San Andreas fault. The granitic
rocks are partly covered by Pleistocene unconsolidated marine
sediments and partly by such continental deposits as slope debris,

wind-blown eand, lake deposits, and alluvium.
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The power plant site is on & buried valley system that was
eroded in granitic rock by a surface stream and its tributaries, when
sea level was relatively lower (pl. 2). The valley was subsequently
filled with merine and nonmarine deposits. The main buried valley

B S S A

crosses Bodega Head in a more or lees east-west direction. At ite

deevest point on the east side of the Head at Campbell Cove (pl. 2)

' it 18 more thaen 80 feet below sea level (repcrted in TEI-837 as more
than 60 feet below sea level ag based on Dames and Moore map of

contours on granitic rock surface).
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GEOLOGY OF THE REACTOR SHAFT AND VICINITY

The center of the reactor shaft lies about 325 feet north of the
northeast-trending axis of the main buried valley and on the northeast >
flenk of a southeast-trending tributary (pl. 3). Granitic rock is
exposed at the collar on the north side of the shaft at an elevation
of +5 feet (MLLW), but in the southeast guadrant unconsolidated
deposits extend to elevation -41 feet. In the southwest quadrant of
the shaft the irregular surface on the granitic rock 1s ot an elevation
slightly deeper then -35 feet end slopes gently southwestward. Farther
southvest, necr the shaft wull the buried s.rface of the graaitic rock
rises on a gouthezgtwerd-trending spur vhose exis ll2s chout 200 feet
southvest of the center of the shaft.

Sedimerts in the shaft reach a maximum thicknes: of about U3 feet
in & smell buried valley cut in granitic rock on the southezstern wall
(at vertical corirol line 32, pl. 4; =lso see pl. 2). Northward the
sedizents thin toward the granitic rock spur, dbut westweard they lie
on e slighc rise in the bedrcck and then thigken to about 4l feet on
tiae southiect wall of the shaft,

Plate 4, a mep of the reeactor shaft well, shovs the great irregu-
larity of the buried granitic rock surface. Note the overhang between
vertical control lines 1 and 7. The nearly horizontal surface on the
granitic rock at elevation of -29 feet over part of this we'l area and
near vertical control line 28 suggests that it is a remnant of an old
wave-cut nearshore terrace. A narrow terrace at about -20 feet is

also indicated by the profile. : F
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The large rock masses resting on a clay bed above the bedrock
surface between vertical control lines 23 and 25 may represent an

ancient landslide.
Granitic rock

The predominant granitic rock in the shaft is a foliated,
coarse-grained, biotitc-hornslendc quartz diorite. Dark constitu-
_enta, mostly biotite, make uj'ld to 30 percent of the representative
| . Quartz diorite. A few pleces of granitic rock as much as 10 inches
in diameter contain both foliated dark-gray biotite-hornblende quartz
diorite and a light-gray to pink, unfoliated, coarse-grained,
hornblende-biotite quartz monzonite. The two types are separated by

. a short but unfaulted, irregular to straight, intrusive contact. A |

dike of uhfolilted, fine- to mediun-grained biotite-hornpblende

; leucodiorite (light gray, little quartz, no potassium feldspar,
Anu3 plagioclase) was exposed in several places on the final floor
of the shaft (pl. 3). Where seen, it followed the south side of a
2- to 6-inch-thick zone of gouge and mylonite. Pegmatite dikes are
common in the quartz diorite of the shaft. Foliastion in the quartz
diorite is fairly uniform in the walls and floor of the shaft and

f strikes N. 10° to 20° E., and has a vertical or steep eastward dip

(pl. 3). Additional information on granitic rocks of Bodega Head

is given‘in TEI-837.
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Weathering

A zone et the top of the granitic rock is generally weathered to
a brown color. The zone is about 8 to 18 feet thick where exposed
in the shaft (pl. 4). It is thinnest on the flanks of the bedrock
spur and probably is as much as 30 feet thick at the top of the spur.
The bottom of the zone is generally controlled by gouge and breccia
zones and may follow a steeply dipping shear zone 10 feet or more
below the general bottom of the zone of brown weathering. In some
places the granitic rock near its buried surface is anomalously gray

in color, though the rock is highly altered.
Faults and jcints

Faults and joints are sbundant in the sranitié rock exposed
during excavation of the shaft. The number and crientation of faulte
and joints in the shaft between elevations -66 and -73 feet are more
or less typical of the granitic rocks exposed at all levels in the
wvall of the shaft. Where faults and joints are closely spaced, only
the preferred crientation is indicated. Most faults are marked by
plastic clay gouge (pulverized end chemically altered rock) 1/8 inch
to 2 inches in thickness. Some faults are marked by a plastic gouge
zone nearly 1 foot in thickness. Breccia {broken rock, zones are
also common along faults; the pieces in such zones are commonly
streamlined slivers elongated parallel to the fault walls. Mylonite

(pulverized and streaked out, but firm rock) is relatively rare.

}
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Some of the fault zones with attendant gouge and breccia zones are
more than 20 feet wide. The shape of the shaft in the northwest and
porth part of the well between -37 and =51 feet was controlled only
with difficulty due to excessive overbreak from blasting. Those

areas occur in wide zones of crushed, sheared, and chemically altered

rock.
Another way of describing the sbundance of faults and jointe in

"fhe granitic rocks is to give the size of block s bounded by these

fractures. The range in size of the blocks from place to place on
the wall and bottom of the shaft is great, but generally the blocks
are 0.1 to 1 foot across; the maximum diameter is 6 feet. Within
some parts of the shear zones most of the blocks are less than Q.1
foot.

Shearing is also evident from microscope examination of thin-
sections of granitic rock from the shaft. Many microscopic shears
cut the quartz and feldspar crystals and are in turn filled with
quartz or feldspar.

The orientation of faulte and joints in the granitic rock exposed
on the shaft wall is shown on plate 4 and in figures 1 and 2. Figure
1 shows the percentage of faults and joints having various strikes
(vearings) grouped by 10 degree arce. That is, all faults and joints
whose strike is within the range N. 20° to 30° W. were considered as
one group. One of the diagrams on figure 1 showe the distribution of

1,120 me.surements made of the etrike of faults and joints at all

levels in the shaft. Thus if a fault or Joint persists from one level
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to a lower level its orientation was measured at each level. Udc of

repeated measurements on the same feature at several levele in figures

s s gl g e
\

1 and 2 tends to weight the data in the direction of persistent, con- L

tinuous features. Another diagram on figure 1 shows strike-frequency

| of only the faults included in the L;iao measurements used in the other

disgram. Both diegrams show that the predominant strike of faults and
joints is in a narrow zone 10 degrdeo_on either gide of east-west and
that the least-favored strike is between north end N. 10° W. The
second mist-favored strike is between N, 70° W. end N. 80° W. The
average dip of all the fault and joint measurements is 63 de¢¥eel.
Figure 2 shows both dip and strike of the faults in the form of
a contour map of the conceantration of poles to @he faults. A pole‘il
a line drewn perpendicular to a fault plane. I£ confirms what 1is
shown in figure 1 and, in eddition, shows that the predominant dip
direction of the west-trending faults is 50° to 75° S., but the general : .
range 18 659 N. to L5C 8. Many feult surfaces seen in the wall bend in
open curves through large angles. Slickensides or striations caused by
relative movement on fault surfaces are common and generally plunge at
large angles though on some faulte they plunge at low-angles or are

nearly horizontal.
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Strength properties

The values for the ultimete unconfined compressive strength of
the granitic rock from the shaft are given in teble 1. They show a
range from 1,037 to 16,800 pounds per square inci. The strength values
determined by the Geological Burvey were made on core taken from &
10 x 10 x l4-inch piece of bedrock, typical of the fresh. unsheared
rock in the shaft. It is a foliated, coarse-grained, biotite-hormblende
quartz diorite that containe about 10 percent biotite and hormblende.
The granitic rock core from borehole 14 is described by Dames
and Moore (1962, pl. ALC) as follows: "White and black quartz diorite
(severely jointed into mod. rrenelylocko up to 3") with numerous small
shear zones (Jjoints and shear zones altered to clay)". The same
description is given (Dames and Moore, 1962, pl. AlD) for core from
boreiiole 16, with the following addition in the zone in which the
2 deeper of the 3 tested cores were taken: "{grading into harder and
fresh blocks up to 8") (little or no alteration in joints) (few shear

zones)".

:
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Table l.--Strength measurements on granitic rocke from the shaft,

Bodega Head reactor site, Sonome County, Californiea.

Sample location Ultimate, unconfined Analyst and runnrk] |
compressive strength, |
pounds per square inch |

Core - bore hole 14 (pl.2): Dames and Moore |
_ (1962, pl. AlC); ‘
10 feet below bedrock surface 2,108 NX-size (2-1/8 |
. . " " 1,861 inch in diameter)
- " " i 2,448 core pieces 2.Th
to 3.25 inches in
lengthk.
Core - bore hole 16: h Dames and Moore
(1962, pl. ALD); |
16 feet below bedrock surface 1,037 NX-gize core i
23 " " " " 3,673 pi.CCl 2.5 tO i
e ’ o 3,953 3.4 inches in _
length. &1
Fock - at wall, northeast gide U. 8. Geological
of shaft near vertical control Survey, Denver,
Aine 21, elev. -3l feet. Colorado Laborato
Approximetely 27 feet below NX-gize cores, 4.3
edrock surface; 15 feet below inches in length.
rown weathering zone.
Perpendicular to foliation 16,800
Parallel " Y 10,000
" " " 12,800 ;
but perpendicular to
last core |
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Pleistocene deposits

The predominant sedimentary materir] overlying the granitic rock
in the shaft area is & maseive gray, greelly, sandy clay. It is
thickeet in the southwestern pert of the ghaft, reaching & maximum of
32 feet including & fewv thin beds of other lithologic types on the

perimeter ¢ the shaft at the plant west Lipe (pl. 2). The gravel 51

thy sancy clay coneists of granitic rock fragments. Jn placse the
~_amoun® of granitic fruuyt.n 1_ncrcfnu in the clay forming a gradaticral
rontact «it: ‘e underlying granitic rock. .‘1'!‘:1. evidence suggests the
sediment fcrmed in plece. Rounded detrital vond fragments, baever,
indicate 4hat some movement occurred prior to devosition. The gruvel
A in the ssndy clay vaiies in sicte end ameunt. Io most places graniles
; g ’ 2 to 4 am in diameter make up sbout 5 to 10 percent of the sediment.
; In some yhcu a saady clay layer one inch to one foot thick and
containing petnles es large as J lnches in 4!aneter occurs within
the meseive sediment. The gravelly, sanly clay is mottled brown and
gray in meny p’aces alorg the vestern and southbwestern wall of the
ghaft. Mottling is especielly coumon in the southwest sector cf the
shaft wall. |
Southwa 'l from ebout the cimlier of the sha’t the nonmarins, gravelly,
meziy slay 1% interbedded with layers of sands and clays, O to 1 foot

{u thickness, probably cf marica origin. The interbeadiag prubably

{
|
!
I
. resulted from north-south shoreline oscillutions. Above sbout e.svaticn
«20 near vertical control line 34, the sediments consist of gray and
i i j ye)lowish-orange sand, 2 gbebly of beach or nmar-shore marine origin.
!
13
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The sand appears to thicken south of the reactor shaft toward the axis
of the main buried valley. The sand lies unconformebly on the older

eediments.
The veriations in charscteristics of the sediments are well

illustrated in the walls of the shaft. As would be expected in deposits
such as these, details of the sedimeniary sequence are complex. Before
deposition of the sand at the top of the shaft, channels were cut into
the nonmarine gray, gravelly, |cndy-ciny and later filled with clayey
sand (pl. ). The north side of the cut channel is shown between
vertical contrcl lines 27 and 29. A later channel wae cut (see

vertical control lines 79 end 40 pl. 2) and filled with unconsclidated,
fairly clean sand. Part of this sand is gray and part is derk yellowish~
orange. The two color varleties are almost everywhere separsted by a
black or dark brown zone of sand that is rich in oxides of iron. At
places these ironstone bands follow the surface of foesil tree limbs.

The fossil wood appears to ocour only in the gray sand. Though fossil
wood is abundent in the other sedimente, it was not seen in dark
vellowish-orange sediments.

Sands and clayey sands in the shaft generally contain, in addition
to & large proportiob of sand grains of granitic origin, rounded sand
graine of red chert and greenstone presumed to kave been derived from
the Franciscan Formation. This formation is exposed in the Bodega
Head region only on the east side of the San Andreas fault zone and

sand from it was probebly moved mcross the fault by ocean currents.
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Bedding is discernible in most parts of the sedimentary section

5 other than in the gray, gravelly, sandy clay and in parts of the thick

] - sand deposits. Bedding in sends is marked in places by 1 to 2 mm-thick

% luyers of black heavy miner:ls or by & change in everage grain eize.
] In mauy places, color banding in orange, brown, and gray, i¢ perallel
|

to bedding, though color banding in many other places lies at steep
angles to the bedding. Alternating beds, 1/8 to 2 inches in thickness,

P T S E et

are especially abundant on the south side of the shaft. Beds in the

reactor shaft ere generally flat lying or dip gently eastward or
southward. Rarely does a thin bed or group of beds dip northward

or westward.

Fossils and age

Fossil wood is abundant in the sediments., Limbs 4 to 6 inches

in diameter are commonly seen. Pleces 1/h to 2 inches long are abundant.

|
|
|
|
A tree about 2 feet in diameter and more than 10 feet long was found in ‘
the northeast quadrant of the shaft at about elevation 5 feet. }

|

Cones, fruit, seeds, and needles of the following species were
found in sediments near the shaft between elevations 5 and 21 feet and
identified by Jack A. Wolfe, U. S. Geological Survey (written communication,

December 4, 1963).

15

LA
-8 T T W U R, AT PR e e e e o sy o
et o Ty ‘\\: e LY‘-’“\""-*" " -‘-'\‘.’ 02 JEL CYE R o A i N e \ g e s \\ o TR ey 1 W o
b ¢ : . t ) ‘ : » R T Uewy o LR LA 2 :-,t BRiANe M (2 o
8 i v B sl ) « & PRI .~ ptafie

D e s e i vl 4 e




Monterey pine (Pinus radiata)
Bishop pine (Pinus muricata)
Sitka spruce (Picea sitchensis)
Western wax myrtly (Myrice californmica)
Red elderberry (Sambucus callicarpa)
Manzanita (Arctostaphylos sp.)
Bedstravw (Gelium sp.)
Wolfe also states thet the flora here is similar in composition
to the Pleistocene flora from the northeast shores of Tomales Bay (pl. 1)
and suggests that their floristic similaritics indicate that the beds
{n which both flores are found were deposited at about the same time and
under the environment of the closed-cone pine forest.
The exact age of both the beds at Tomales Bay and Bodega Head 18
rediocarbon date of greater than 42,000 years was
obtained from 3 foesil woed samples obtained 102 feet S. 70° W, from
the center of the shaft at elevation 49 feet, 197 feet N. 32° W. of the

center at elevaticn 55 feet, and 24O feet N. 35° W. of the center at

L4 ’

L4
elevation T7 fret.z/ Thus, the sediments in and pear the shaft between

elevations 5 and 21 feet are considered to be Plelstocene in age.

The age of these samples was reported in TEI-O3 reater than
38,000 years. This preliminary age determination later refined
to greater than 42,000 years (Meyer Rubin, U. S. Geological Survey,
vritten communicetion, August 8, 1963).
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Shaft fault

The Sheft fault is the major structure in the reactor shaft area
and in this report is named for the fault complex that has been traced
from the Pleistocene sediments near vertical control line 39, at the
approximate elevation of «12.5 feet, downward into the granitic rock
near vertical costrol linee 4O and 41 to the bottom of the shart (pl. 2).
Southwest of the shaft the fault is exposed in exploratory trenches 1

and 2 dug in Pleistocene sediments {p1. 2).
The Shaft fault in the granitic bedrock is a well-developed con-

spicuous zone of faults 2 to 10 feet wide (pl. 2 and 4). Individual
faults within the zone have various characteristics. Some are tight,
peper-thin, clean fractures in fresh rock; others are wedges 1 to 2
feet wide, end elongated for es much as 5 feet along the dip or strike.
Some of the wedgees are composed of brecciated slivers of hard granitic
rock whereas others are composed of soft, clay gouge zones. A zone
of plastic gouge in the feult at elevation -67 feet at vertical
control line 40 is pearly 1 foot in thickness (fig. 3). Individual
faults breach and bend, within the zone, but most can be followed for
tens of feet., The fault zone is & complex array of intersecting
emaller faults, but elsewhere only & fev strong subparallel ruptures
can be seen and the rock between them is relatively unbroken.

The well-developed fault zone on the south wall near elevation
-55 (fig. 5) consists of numerous subperallel faults. On the north-
east wall, however, the fault zone is not as well developed. At the
floor (elevation -T3) and for shout T feet above, the zone consiste

of two faults separated by about 2 feet of fairly intact rock.

RO




At this locality each fault is a gouge and breccia zone 1 to 2 inches
vide. From elevation -55 to «51 the fault zone is & foot wide and made

up of gouge and breccia. Between elevation -4l to «46, the fault was

traced from the south wall to the northeast wall (pl. 3 and fig. 4).

At this elevetion the fault is 2 t0 12 inches wide and consists of
several intersecting and branching faulte separated locally by breccia.
Near elevation -24 between vertical control lines 25 and 26 the fault
splays out into several branches about 5 feet below the top of the
granitic rock (pl. 4). No rupture was seen in the overlying gravelly
sandy clay.

The Shaft fault strikes N. 40° E. and dips 65° to 80° W. Slickensides
on individual faults of the zone range from vertical to horizontal, but
most are steep, indicating a dip-slip component of movement.

Field evidence for horizontal (also called lateral, or strike-slip)
movement 1s seen on the floor of the shaft at final grade. The evidence
is conflicting with respect to direction of bhorizontal movement. A
steeply dipping pegmatite dike that is aligned st a high angle to the
Shaft fault appears tc heve been dragged northeastward along the Shaft

11

fault for feet (pl. 3). If the isolated pegmatite shown in plate 3
east of the fault is the same dike, it indicates left lateral movement
of the Shaft fault in the granitic rock of about 37 feet. A steeply
dipping leucodiorite dike is also offset by the Shaft fault proper

and two vest branches of it (pl. 3). Direction of offset of this dike

also suggest: horizontal movement of the Shaft fault, but of a right

lateral nature. We believe the field evidence for right-lateral movement
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e e acmaate e s e o




suggested by the offsetting of the leucodiorite dike is somewhat more
relieble than that for left-lateral movement given by the pegmatite dike.
The Shaft fault intersects the granitic rock surface on the south
side of the shaft at elevation -35 feet (fig. 6). At this locality the
sedimente-granitic rock contact appeers to be offset about l-*oot dome

ward on the west but field relations do not clearly establis: this
1 relation. At several teuporary positions of the floor of the shaft
(about =35 to -LO feet), as shown on plate 3, the direct connection |
betwein the Shaft fault in sediment and in granitic rock is well |
established., The fault is the contact between the two rock types. It

dips 82° W. and was folloved by hand treaching into the underlying |
granitic rock.

The Shaft fault in the overlying sediment is easily traced from

the surface to about elevetion -26 feet. It is nearly vertical about

2 feet above the granitic rock but at a point within sbout 8 inches of
the granitic rock surface it is distridbuted among several thin clay
gouge zones, the most prominent of which bend to the west, parallel to
the rock surfece and about 1 to 3 inches above it. One small gouge is
vertical and appears to join & gouge zone in the rock.

The geologic map of the reactor shaft wall, plate 4, shows the
dip of the Shaft fault at various levels. Above elevation -28 feet
the Shaft fault complex dips steeply eastward; below this level it

dips mostly westward. In the granitic rock it dips westward. From

il B . .
-

-28 feet to -26 feet the Shaft fault 1s 1 to 2 inches wide and is filled

vith gray, medium- to coarse-grained, clayey sand and with pieces of

-SSR
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“ the sediment from the walls, gravelly, sandy clay (fig. 7). Between
-26 and -23 1t passed through in a massive, dark gray, gravelly, sandy
clay of higher clay content than the underlying unit and could not be
seen. When the floor of the shaft at various levels was still in
similar sediments, it was impossible to trace the fault across a
horizontal surface (pl. 3).

From szlevation -23 to sbout 12,5 feet the fault cuts a well-
bedded section. Near the periumeter at the south it appears either as
@ thin, clean break, or es a fracture about 1 to 2 mm wide, filled
with sand or clay. About 15 feet to the northeast and elsewhere it
forked into 2 branches that were separated sbout 1 foot (fig. 8).

In some places the mein branch ended and the other cortinued. In
other places branches recombined to form a single break. The sediment
between branches did not appeer to be greatly disturbed. The line of
the fault was either a sharp, clean break or a break with walls 5 to
15 mm apart and filled with sand or clay.

Beds at about elevation -16 feet appear in cross eection to be
folded into & monocline., The Shatti fault complex cuts td*s fold.
Beds are 2 feet lower west of the fold and fault. The continuity of
the Shaft fault from the south wall was established by cleaning off
the bottom of the shaft with a strong Jjet of air along the fault at
elevation -41 to -46 feet. The fault was followed to the northeust

wall. Gunite panels were removed at higher elevations in order to

examine the fault in the wall.
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The amount of vertical separation of beds on the two sides of tke
fault varies from place to place on the south wall, though it is every-
vhere dowvn on the west side, except along two minor faults near eleva-
tion ~12 feet. From the granitic rock surface to about elevation -29

feet, some uncertainty in matching beds wes encountered. The apparent

NS SR S,

vertical offset of the basal two feet of sediments may be about one foot.

From ebout elevation -32 to -29 feet, the vertical seperation may be as

—a .

much as 19 inches. From about elevation -29 te -26 feet, it may be only
about 6 inches. Vertical separation at elevation -20 feet is about one
foot. Above elevation ~19 feet sgeveral lines of rupture fan out. The
middle line shows the greatest well-established verticel separation,

14 ‘inches (fig. 9). The easternmost fault is marked by a one-quarter
inch thick plastic clay gouge that follows beds end also treaks acrose

beds (pl. 4). Ruptures can be followed to about elevation -12 feet.

. o,

Bede here shovw & vertical separation of two inches across the western-
most fault., Above elevation +10 the concrete collar mskes up the wall
of the shaft. Conditions of observation in the collar trench in the
vicinity of the Shaft fault were poor. This work was done after dark
by flashlight before adesuate lighting had been installed.

Exploratory trench 1 was made to intersect the Shaft fault so as
to permit examination above its highest level in the shaft. Plates 2

end 3 show faults in Ple!stocene sediments southwest of the shaft.

i el

Two faulte were found in the trench at elevation -16 feet that are
believed to be an extension of two in the shaft wall. They dip eeastward
e . and shov vertical offsete of about 1/2 inch, down on the east. They

could not be seen above about elevation -16 feet. Another fault was
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found ebout 9 feet to the east. It dips TO to 85° eastward, strikes
N. 350 E. to N. 42° E. and shows & vertical separation of about 1.8
inches, down on west (fig. 10). A fsult believed to be this one (see
plates 2 and 3) was found in an embankment to the southwest. It was
traced upward to the elevation +25 feet and followed by bulldozes
acrose thig level to the asphalt drain at the base of the embankment
below the elevation 55 feet bench. It was well developed where last
seen near the asphalt drain 170 rce@ southwest of the shaft.

Exploratory trench 2 was dug in an effort to intersect the Shaft
fault branch seen in the south wall of the shaft at elevation -12 feet.
It could not be found. Trench 2 also crossed the Shaft fault branch
found at elevation +25 feet. In the trench its strike is N, 24° E,,
dip 83° E. The amount and direction of movement could not be determined
(f1g. 11). On the +25-foot level the fault sppears mostly as a black
band of discoloration, 1/8 to 1 inch wide in pale brown sand (fig. 12).
It splits and reconnects creating lens shaped arean a few inches
wide (fig. 13).

Exploratory trench 3 was dug on the elevation 55 feet bench in an
effort to follow continuation of the fault at the elevation 25 feet
level. It reached to about elevation 51 feet. No faults were seen in
the well-developed sand beds in the trench.

An unsuccessful search was made for a possible continuation of the
Shaft feult northeast of the shaft. A bulldozer and hand scrapers wvere
used for this purpose. Embankmente northeast of the shaft were scraped

‘clean (fig. 13). . -
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b Origin

The Sheftv feult ies the oaly structure at the proposed power
plant site that transects both the younger sediments and the under-

lying older granitic rock. Moreover, the origin of this fault is

SIS SRR P —"

fundsmentally importent in any evaluation of its eignificance to
site acceptability and plant design. The three mechanisms that have
been considered as contributing to the origin of the fhaft r.glt

N SRS, TR T

~ are (1) tectonic faulting, (2) landsliding, snd (3) subsidence from
compaction of the sediments.
Tectezlce faulting is used iz tnis report for the rupturing of
rocks caused by crustal stresses of deep-seated to shnrllow origin
; such as those that produced the 1906 earthquake. The hypothesis
that the Shaft fault in the granitic rocks was formed by tectonic
e faulting s supported by the horizontal displacemeat evidenced in
' the dike rocks. Although the field evidence 1s conflicting with
respect to direction of horizontal movement on the Shaft fault, the
zone is generally wide aad coasists of many intersecting faults
separated locally by breccia and gouge, features that were formed
during repeated movement along this zone of weakness. The strongest
: evidence supports & right lateral movement a minimum of 23 feet; the

amount of verticel displacement is unkrown.
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The extension of the Shaft fault into the overlying Pleistocene
gediments indicetes that the dieplecements measured in the sediments
along this fault are also the result of tectonic activity. 1In the
sediments, & maximum vertical separction of 1k inches was measured
across the Shaft fault. The amount of horizontel movement in the
sediments was not measured in the field though the many changes in
dip of the fault in the sediments as seen in the south wall of the
shaft, particularly the right-angled bends of the easterumost and
highest branch (see pl. 4), suggest the movement on the feult had a
gtrong horizontal component. The differences in thickness of beds and
{nability to match beds across the Shaft fault, as seen in the sgouth
vall of the shaft, is evidence that strike-eslip faulting has occurred.
The amount of strike-slip displacement of the sedimenta is estimated
to be about 13 feet. Thie value is required to produce the verticel
separation of 1t inches measured across the fault that displaces
through horizontal shear movement beds that dip 50, At the site the
Pleistocene beds generally dip southward and/or eastward at angles as
high as 10° though the average dip is about 5° S. The horizontal
dieplacement on the Shaft fault in the sedinmente is right lateral,
the saue relative movement as indicated by the offset on the

leucodiorite dike on the floor of the shaft.
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The scarcity of more or less horizontal slickensides and the
abuncance of those that plunge steeply elong the Shaft fault both
in the granitic rock and in the Pleistocene sediments, suggest that
the last movement was predominantly vertical. Slickensides, however,
can form by very small movements, particularly in soft gouge or soft
sediments, so that the vertical slickensides may not reflect the
principcl direction of movement on the fault.

The absence of the Shaft feult in exploretory trench 3, about

250 feet southwest of the reactor shaft (pl. 2) can be attridbuted

to (1) dying out of faulting upward and/or along strike, or (2)
deposition of the younger sediments after faulting.

Tectonic faults of laterel movement are charscteristically
discontinuous, en echelon, and branching. Surface ruptures within
the San Andress fault zone produced during the 1906 earthquake
illustrates these characteristics. (See description by Eiggins,
1961, p. 53 of the ruptures at Fort Ross, 18 milss zorth of the
reactor site.) It is to be expected, therefore, that the Shaft
fault, a tectonic fault, cannot be traced continuously along the
strike for long distances and that its absence in trench 3 is due

to its dying out between trenches 2 and 3.
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If the sediments were deposited after the youagest movement
on the Shaft fault, then faulting of the sediments took place more
than 42,000 years ago, the age of the oldest dated sediments, according
to radiocarbon measurement of foseil wood. The Pleistocene beds on
Bodega Head may be younger than a crustal disturbance that is esti-
mated by Louderback (1951, p. 86) to have taken place from about 240,000
to 400,000 years ago. Thus the Shaft fault in the Pleistocene beds at
the site may have originated between 42,000 and 400,000 years ago.

The Spaft fault in the sediments might represent the left flank
of a laadslide which moved in a southwesterly direction. The topography
of the bedrock surfece as depicted on plate 2, hovever, precludes this
poseibility because such a landslide would have had to move across a
narrow velley and up the bedrock ridge on the opposite side of fho
valley. Conceivably the bedrock topegraphy s shown in plete 2 may
be incorrect in deteil; even so, in order to produce & landslide that
could create the Shaft fault, a southwesterly slope at least as long
as the knowr extent of the Shaft fault would be necessary. It seems
very unlikely that such a long southwesterly slope would have formed
contrary to the general bayward slope of the ground surface. If the
Shaft fault is the result of landsliding, deformation and disruption
of sedimentary features should be greater in the sediments of the
landslide mass than in the adjecent ground. This would especially
be true of subequeous landsliding. No marked differences, however,
-1n disturbauce of sediments were seen on the two sides of the Shaft

fault.
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pent should be of the zormsl type in which the down moving block lles

An origin by compaction is favored by the location and trend of
the Snaft fault alcz3 the nortawesterz fleak of & ridge of granitic
bedrock st the reactor sneft (pl. 2). The sedimente are somevhat
teicker vest of the Sha®t nult_onr.a lov place on the granitic bedrock
purface and grester subsidence by compactica would be expected here.

A feult caused by compaction of sediments should dip everywhere toward
the area of compaction, westward tof this place, and the fault move-
abeve the fault. On the south well of the shaft st about elevation

-16 feet, thecretical displacemest an toe ZbAft fwill is down on the
west adout 2 feet--a condition that favors the sibsidence theory.
However, tne Shaft fault dips both eastward and veetward, but where

1t shows its greatest sppsrent vertical offset, it dips esstvard,

sr movement wes reverse to that required for compacticn. Furthermore,
the apperent dowrmovirg block is below the feuwlt. Also subsidence
porthwest of the fault wo.ld leave unsur>irted sedizents above the
east-dipping part of the fault. This should result ip additional
faults near elevaiion =20 tetween vescical cantrol lloes 38 and 35.
None wes seen. The undivided comtinuity of the Shaft fault southwest
of the shaft scross ar area of thick sediments filling & velley cut

in the bedrock surface, and onto an ares of thin sedimente ebove the
sdjeining ridge of bedrock, makes the origin of the Shaft fault by

compection highly unlikely.
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SURFACE RUITURES WEST (# 7HE SAN AWDREAS FAULY ZONE

The structural features in bedrock alxg the west side or the
San Andreas fault were examined to deterudne cheir genetic relation
to the Se: Andreess fault zone for comparison with similar Features
at the picyrsed reactor aite on Bodags Head, The areas studied
inclule Inverrsay, Mt, Wittemburg. and Muvi Leke (pl. 1).

Gilvert (in Lewsoo and others, 1908, p. 6¢, and pl. 45B and
LTA) desciibes vnd il ur-rates surfie rupturer in the town of
Invernaas that resulted firom %'ve 19(L earthquake. Although the
exact locality was not given by Gi.oert, we were shown by Mr. Thomzs
Drew, a resident of Inverness, . festure which bis fatbr, vho lived
there in 1906, referred to as "the earthquake crack." This festure
(locality 1, pl. 1) cunsiste of twe scarps tires or four feet high
bounding a small ridge 10 to 25 feet wide i2at strikes N. 18° W,

The ridge and the bounding scarps look very much like those shown

in plate 4TA of the Lawson report. The “<pography’ in the lmmediate
vicinity of the ridge also is similar to that shown on plate 4TA
(Lawson, 1908) and the akyline, nov ohscured by trees is, according
to Mr. Drew, the stue as in the photograph \pl. 47A). Sermunts of
the feuce visible in the ;hotigaph wore also found in the trees
leaving little doubt trnet the licelity we visited is the vne pictured
in the Lawson report. Gilberi states (in Laween, 1908, p. %9) that
the horizontel displa oment alang this crack wes 24 feet. This

undoubtedly is tectoni. fault movement,
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Locality 1 is at the top of & rather flat ridge and according
to the Cilbert description and plate L5B (Lawson and others, 1908}
the rupture extended down both sides of the ridge and across part
of & flat-bottomed valley and trends at nearly right angles to the
ridge and valley. At locality 1, the rupture is about 2,000 feet
west of the projected edge of the San Andreas fault as shown on
published geclogic maps (Weaver, 1949, pl. 9; Koenig, 1963).
However, Gilbert (Lewson end others, 1908, p. 194), probebly influ-
enced by the surface rupturing he sav there in 1906, considered
Inverness to be within the fault zone.

Gilbert (in Lewson and others, 1908, p. T5) described cracks
resulting from the 1906 earthquake that croes a spur on Mt. Wittenburg
(Locality 2 on plate 1). The authors accompenied by Alan J. Galloway,

& geologist who has recently mepped the geology of this ares, inspected

the spur in an attempt to find the cracks described by Gilbert.
Although we wers unsble to locate the cracks, the spur is a broad
ridge and landslids movement is very unlikely to have caused the
cracks. We believe Gilbert was correct in ascribing them to fault
movement. A subsegient study of selected aerial photographe of

Mt. Wittenmburg revesled s dense network of lineaments, some of which
are shown on plate 1. Several of these lines extend toward the spur
on Mt. Wittenmburg and the fault movement described by Gilbert may

have been on one of these.
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The lineaments appear in various forms on the photographe. Some
&re prominent streight stream valleys; some consist of the alignment
of short tributaries, of notches in ridges, and of trees of different
beight than their neighbors; and some are extremely fine dark lines.
They occur in gQuartz diorite, shale, graywacke, and greenstone. Those
shown on plate 1 are merely a sample obtained by & brief study of e
fewv photographs and with additional study many more could be plotted.

Results of our brief study have shown that some of the lineaments
are joints and faults, a few may be igneous dikes, but many of them
#re zones of weak rock along which erosion had been greater than
elsevhere. According te A. J. Galloway (naral cemmunication, 1963)
some of the lineaments are faults having measurable offset.

The genetic relation of the lineaments to the San Andreas fault
zone has not been definitely established. Some of the more prominent

lineaments curve northward from the San Andreas fault and probably

are branches of it (Gallovay, 1961, p. 31, and oral communication,

1963). On the other band, examination of aerial photographe of an
area approximately five miles east of the San Andreas fault indicates
that the lineaments are just as prominent there as they are within
one mile of the fault. Even if the lineaments observed in the

Mt. Wittenburg area cannot be releted to the San Andreas fault
genetically, they indicate that the granitic rocks have prominent

zones of weakness along which fault movement has and could occur.




The distridbution of many lineaments in the Mud Lake area (near
locality 3) are shown on plete 1. Mud Lake is about 3,000 feet west
of the San Andreas fault and it probably resulted from subsidence of
a2 block bounded by faults. It lies in an elongate steep-walled
depression whose topographic position and shape preclude origin by
landsliding. It is estimated from the Double Point quadrangle
topograpbic map that the block has subsided more than 4O feet. The
rate at which this type of movement occurs is not known.

Vertical movement of as much as five feet, which Gilbert (in
Lawson and others, 1908, p. 75) ascribed to faulting, occurred at
locality 3 south of Mud Lake. The authors accompanied by Alan
Galloway and Don Tocher, were able to positively identify locality 3
as the one that Gilbert described (op. cit., 1908, p. 75). This
movement was probably caused by landsliding rather than faulting.
Very large landslides are prominent just west of the locality, and
study of aerial photographs reveals that an irregular scarp formed
by & landslide joins the fractures described by Gilbert (1908).

Moreover, the stream valley down hill from the site has been blocked

by the landslide movement, causing ponding of the valley and deposition

of sediments.

Additional information on the structural features resulting from
the movement along the San Andress fault during the 1906 earthquake
was obtained in a railroad tunnel at Wrights Station, about 100 miles
south of Bodega Head (Lawson and others, 1908, p. 111-113). The
tunnel is in bedrock of sandstone and chert, and mekes an angle of

80° with the San Andreas fault. As & result of the 1906 earthquake
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the tucnel was offset (horizontally) about five feet along a fault and

damage over much of its length consisted of crushing of the t;nber-,
breaking of ties, and caviag. The tunnel was also bent out of line, "\
the amount decreasing away rgpn the fault. At a distance of 4,000 feet

from the fault the borizontal deformation was 14 inches. The report

doee not state whether the fault in the tunnel was in the main San Andreas

fault zone or wes & secondary branch fault, but in either case, the ground

vas strained for a distance of at least 4,000 feet from the place where

the tunnel was offset five feet.
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CONCLUSICNS

On the basls of the geologic information obtained during the
detailed geologic study of the propoesed power plant site and the study
of the faults developed by the 1906 earthquake on the west side of
the Sng Andreas fault zone southeast of Bodega Head, the following

conclusions are presented.

Significance of the Shaft fault

The Shaft fault is one of the principal faults cutting the
granitic bedrock in the reactor shaft area. Ite size in the granitic
rock indicates that it has been the locus of stress relief at many
times in the past. Drag and offeet of igneous dikes by the Shaft il
fault indicate that its movement may be primarily horizontal like
that of the San Andreas. éhe ruptures in the Pleistocene sediments
evidently formed during the latest movement along this fault. The
abrupt changes of dip with depth and the variation in offset magni-
tude and direction with depth also indicate that movement of the
Pleistocene sediments was largely horizontal.

Whether the Shaft fault should be considered as an active or ine
active fault cannot be determined. Geologic evidence bearing on the
age of the latest movement of the Shaft fault is inconclusive. The

field date may be interpreted to indicate that the last movement took

place more than 42,000 years ago, On the other hand, it is just as

reasonable to postulate that displacement in the granitic rock at

some more recent time rupturasd the lovest of the sedimentary deposits
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by shearing, wherees the sediments higher in the section absorbed the
differential movement. That is, the intensity of shesring diminished
upward and the unconsolidated sediments adjusted to the strain by
intergranular movement, compaction, or displacements so small and diffuse
that they left no visible evidence of shear.

The Shaft feult in the granitic rock of the reactor shaft is an
important zone of weakness that could undergo differential movement if

étressed to & degree comparable to the stresses applied to granitic

rocks on Point Reyes peninsula during the 1906 earthquake, In this

respect it is nc different from myriad other faulte in the granitic
rock of Bodega Head and there is no basis for saying that it would move

in preference .t other faults.

Possible future faulting on Bodega Head

The commonly accepted outer limits of the San Andreas fault zone
are the boundaries of the zone that has been the locus of the majority
of surface ruptures. The same stress field that causes ruptures along
the Ban Andreess fault zone ie also present in the crust adjoining the
zone. As wes seen in Point Reyes Peninsula and et other places along
the San Andrees fault zone during the 1906 earthquake, the ground
surface wae ruptured by sympathetic faulting at places as much as a

mile from the commonly accepted border of the fault zone.




If in some future earthquake surface rupture comparable in |
severity to that produced in 1906 occurs on the Sen Andreas fault, |
the near-surface granitic rock of Bodega Head would be expected to
rupture. The nature, direction, and amount of displacement cannot

; be predicted, nor cen the location of such ruptures. Judging from
the surface rupturing observed on Point Reyes Peninsula after the |
1906 earthquake, displacement on the order of a few feet, either
horizontally or vertically, should be anticipated.

An earthquake apprecisbly less severe than the 1905 earthguake, |
under the conditions stipuleted, would not be expected to cause
rupturing outside the San Andreas fault zone. There is no way to
relate this rupturing outeide the mair San Andrcas fault zone to
earthquake severity except in the most general way; thus, it is

’ imposeible to define some "threshold severity" obove which faulting

outeide the main fault zone would be predicted.
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Figure 1.~ Strike(bearing)-frequency diagrams of faults and joints observed in wall of reactor shaft, showing
. percent mapped within 10 degree intervals of strike. Includes repeated observations of faults and joints
. that persisted from level to level.
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Figure 2.- DIAGRAM SHOWING ORIENTATION OF FAULTS

Contour diegram of 568 poles of foults on wall of reccter shoft.
Plotted on lower hemisphere of equaol-arec net. includes repected
observotions on foults that persist from level to level.
Contoured on |, 3, 6,11, and |7 pole concentration intervals; unit orea
for counting poles is one percent.

@ indicates pole to Son Andrees fgult zone, which for this dlagram is
ossumed to be verticol strike N37 W, indicotes pole to Shoft fault,
dip 77 degrees N. W., strike N 40 E.
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) Fig. 3.=--8haft fault on south wall of shaft, elevation =75 feet.
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Fig. b,--Shaft fault on floor of shaft, elevation =42 feet.
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Fig. S.=-8haft feult in granitic rock on south wall of shaft,

elevation =4l to =51 feet.
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Fig. 6.-=Shaft fault on south wall showing sediment lying on

granitic bedrock.
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Fig. T.--Ehaft fault on south wall showing sand filling and

variation in dip.
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Fig. B.--Shaft fault in floor of shaft, elevation -20 feet, showing
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