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EXECUTIVE SUMMARY

Black Butte Dam is located on Stony Creek, a tributary of the Sacramento River,
about 9 miles northwest of Orland, California. The Corps of Engineers com-—
pleted construction of Black Butte Dam in 1963. In accordance with ER 1110-2-
1806, "Earthquake Design and Analysis for Corps of Engineers Dams,” dated

30 April 1977, an earthquake stability analysis was performed on the dam in
1983. The seismic loading for this analysis was obtained from a geological
and seismological study estimating a design earthquake and ground response
occurring on a nearby fault 2 to 6 kilometers (km) from the dam. The authors
of that study, Drs. Bolt and Seed of the University of California, recommended
a site acceleration of 0.45 gravity from a source tectonic structure like the
Black Butte Fault or Willows Fault system as defined in literature and on maps
of California geology.

Using a dynamic method of analysis it was concluded that the dam may experience
significant movements under the given earthquake loadings, resulting in the
possibility of slumping in the upstream portion of the dam. The large avail-
able freeboard of the dam would, however, retain the reservoir. Because of
this slumping, due to this design event, Seattle District, Corps of Engineers,
was asked by the Sacramento District, Corps of Engineers, to locate and exten-
sively study nearby faults and determine their capability to produce the design
event. The ongoing study was authorized under the Federal Dam Safety Assur-
ance Program.

Black Butte Dam is located within Seismic Zone 3 (see accompanying figure), a
zone of expected major earthquake damage. As shown on geologic maps of
California, the dam is located approximately 15 miles from the Coast Range
Thrust, 14 miles from the Stony Creek Fault, 12 miles from the Paskenta Fault
zone, 1 mile from the mapped position of the contested Black Butte Fault, and
15 miles from the northermmost end of the Willows Fault. The contested Willows
Fault system is a multibranched fault system extending from the north end of
the Willows Fault. A tectonic wedge, with thrust detachments at depth, has
also been proposed as existing within the near field area around the dam.

Underlying the dam are folded sediments of the Mesozoic age Great Valley
Sequence. Turough the interactions of plate tectonics they were folded into a
synclinal trough which emerged from marine to subaerial environment. During
folding, crustal shortening took place with the development of several deeper
level detachments. Formative tectonic stress stopped in the interior valley
of California about 3.2 million years ago. The present stress regime is con-
sidered an extension, similar to that occurring in the Basin and Range Province
to the east, but modified by compression caused by plate interaction between
the Pacific and North American plates along the San Andreas Fault zone. The
interior valley is marked by a relative seismic quietness when contrasted with
the very active western Coast Ranges margin and less active Sierra Nevada
eastern border,
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In past historic time, the site area has been shaken moderately by two earth-
quakes. The 1903 Willows event (estimated epicentral Maximum Mercalli (MM)
intensity of VII) most probably was not on the nearby Willows Fault but miles
to the east of the fault. Historic location for this event is in the central
part of the valley, but early settlement diaries indicate that the event was
not felt along the North Fork of Stony Creek. The 1906 San Andreas event
(epicentral MM intemsity of XI) was on the distant San Andreas system. In the
site area, this event had an estimated felt intensity of MM V or less.

Faults shown on present day maps resulted from early reports on California
geology. For instance, the Black Butte Fault was accepted by the Corps of
Engineers (1963) during site investigations for the dam and reservoir based on
1931 vintage reconnaissance work. Prior to this study there was no consensus
on detail or activity concerning the Black Butte Fault; substantial investiga—
tions of others were divided in opinion about its existence. In additionm,
numerous faults mapped as short segments were lumped together and proposed to
represent a multibranched fault system called the Willows Fault system.

The present study consists of extensive fieldwork and analysis of surface
geology, subsurface geology, and geophysical data about the subsurface. Our
evaluation of all this data has led to the conclusion that the Black Butte
Fault and Willows Fault system as proposed do not exist within 10 miles around
the dam. Small distinct and separate faults might exist further away.

With elimination of the Black Butte Fault and Willows Fault system near the
site, other sources were looked into. The tectonic capability of doubly
plunging anticlinal folds in the subsurface near the midvalley axis was
assessed. Possibly these folds are evidence for tectonic wedging and thrust
faulting at depth, but this evidence is hidden from view. No subsurface evi-
dence of faulting was found to account for a drag folding origin of the anti-
clines, and they have no selismogenic history.

Based on minor offsets along a few young Holocene terraces on a Stony Creek
Fault segment near Thomes Creek, 27 km from the dam, magnitude 6.5 was chosen
as the maximum (credible) event. The source is on the youngest segment of the
fault, as this is judged to be the only capable segment.

Because of the few number of earthquakes experienced and the limited historic
earthquake record in Glenn and Tehama Counties, calculating the exceedance
chance for the maximum event during the project 1life span becomes an academic
exercise, as does estimating earthquake recurrence levels. Instead, historic
experience in northern California, as a whole, indicates a local magnitude of
5-3/4 as the maximum event in areas away from the San Andreas Fault zone dur-
ing any 100-year period. Therefore, this level of magnitude is recommended to
be a substitute for a statistical event and to serve as the 100-year probable
earthquake. The source for this event is either near the Coast Ranges—Great
Valley contact or east of the Willows Fault that lies southeast of the dam,

vii




Guidance, opinion, and onsite review of the study were supplied by professional
peers Dr. Roy Shlemon and Mr. Alan L. 0'Neill. Conclusions arrived at in this
study have their concurrence. Based on the surface geology, including two
extensive undeformed Holocene terrace sequences and the subsurface strati-
graphy, capable faults were not found to exist near the dam. We recommend
exclusion of the Black Butte Fault and Willows Fault system from all future
design considerrtions.
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SECTION 1. INTRODUCTION

1.1 Authority. General earthquake risk and seismic hazard studies are
authorized under ER 1110-2-1806, dated 16 May 1983. The Sacramento District,
Corps of Engineers, requested this study by Memorandum of Understanding between
Seattle and Sacramento Districts dated 1 May 1984. This report was prepared

by Seattle District, Corps of Engineers, following guidelines of
ER 1110-2-1806.

1.2 Purpose. All dams constructed by Federal agencies are reviewed for their
performance based on current state—-of-the—art civil engineering design. This
review includes the reaction of the dam to seismic loading. The purpose of
this report is to document the results of evaluation of suspected faults cap-
able of generating earthquakes close to Black Butte Dam. 7The effects of close
“capable"” faults on the dam are reported in terms of seismic loading, stated
as maximum magnitude and distance between the source and the dam.

1.3 Previous Studies. The Sacramento District performed various earthquake
hazard and engineering studies for Black Butte Dam during 1982. These studies
and preliminary results from a dynamic analysis of Black Butte Dam are reported
in a series of in—house documents released in October 1983, Emerging from
those studies was a single design event with maximum magnitude of My = 6.0.

At the time of the study there was no clear consensus concerning activity on
nearby faults, thereby generating the prudent procedure of accepting the
moderate level earthquake on the closest fault and awaiting further confirma-
tion on that fault's existence. This magnitude 6.0 event was localized on the
contested Black Butte Fault producing a site acceleration of 0.45g.

1.4 Scope. This study assesses the capability of close faults, those known
to the Corps of Engineers as well as those implied by others. The study
included a review and summary of seismic history and a data catalogue. It
includes the results of a lineament analysis employing a study of remote sens-
ing and photogeologic imagery. It contains a regional structural analysis and
fault evaluation. This study relied heavily on relative age of morphostrati-~-
graphic units and landforms to evaluate Quaternary faulting near Black Butte
Dam (see Harwood and Helley, 1980; Harwood, 1983; Wentworth and Others, 1984a).
It includes a reconstruction of Quaternary tectonic history using field analy-
sis of geomorphic-stratigraphic landforms and units. Existing geologic liter-
ature and mapping was compiled and reviewed for a study area within a 50-mile
radius, centered on the dam.

1.5 1Investigation and Performance. Field geologic study was accomplished
during May through November 1984, 1This represents a 23-week, two man-day field
season, Field mapping of structure, stratigraphy, and morphostratigraphic
units was performed at a scale of 1:24,000 (1 inch = 2,000 feet) on six United
States Geological Survey (USGS) topographic quadrangle maps of the 7-1/2 minute
gseries, When possible, we employed fleld review and discussion with geologic
authorities. The study of geology and seismology around Black Butte Dam was
assisted by the following contracted services:
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o Northwest Geophysical Associates, Inc., 1984, Magnetic Modeling of Black
Butte Dam Report and supplemental letter, DACW-67-84-M-~1591, NCA.

o Endacott and Associates, 1984, Discussion and Results of Shallow Seismic
Reflection Surveys at Black Butte Dam - Technical letter with time sections,
DACW~76~-84-M-1417,

o Harlan Miller Tait, 1984, Imagery and Photogeologic Analysis of Major
Faults, Black Butte Dam, Orland, California Report, DACW-677-84-0048, HMT,

Guidance, opinion, and onsite review of the study problems were supplied by
professional peers Dr. Roy J. Shlemon and Mr. Alan L, O'Neill, We gratefully
acknowledge their contribution to the study. Shell Exploration Limited and
other oil exploration concerns supplied valuable information and conversation
about the acoustical subsurface character in the study area.

1.6 Project Description (see location and vicinity map on figure 1-1). Black
Butte Dam, a flood control and water conservation structure, is located on
Stony Creek about 9 miles northwest of Orland, California. The project has a
gross pool capacity of 160,000 acre-feet, and was completed in 1963. This dam
is a zoned earthfill structure with a crest length of 2,970 feet, a crown width
of 20 feet, and a maximum height above streambed of 140 feet. The embankment
volume is approximately 2.6 million cubic yards (c.y.) and serves as a closure
to a wvater gap in Orland Buttes. Main project features are shown on figure
1-2, The embankment consists of a central impervious core, transition sec-
tions, pervious sections, and random rockfill sections. The embankment spans
across streambed alluvium to rock abutments. The core is founded on rock
through alluvium. Six earthfill dikes are located at various places around

the lake to contain the high pool. The outlet works are founded on and through
rock. The spillway 1s a broad-crested, unlined channel cut into rock.
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SECTION 2, GEQLOGY

2.1 Geologic Setting. Northern California is divisible into geologic provin-
ces that are clearly marked by differences in morphology, geologic structure,
and stratigraphy (see figure 2-1). The project is located in the northern
Sacramento Valley portion of the ureat Valley (GV) Province. Mountain provin-
ces surround the Black Butte study area. To the north are the Klamath Mount-~
ains, to the west and southwest are the Coast Ranges, to the north and east is
the Cascade Range, and to the east is the Sierra Nevada Range.

a. Sacramento Valley. The Sacramento Valley is in the northern part of
the Great Valley of California; a nearly flat alluvial plain extending south
some 450 miles from the Klamath Mountains on the north. The valley width of
50 miles is seldom broken in its featureless profile, The only elevations of
prominence on the valley floor are Marysville (Sutter) Buttes, a Pliocene
volcanic plug, and the Dunnigan Hills, a Pliocene sedimentary heap. The Ceno~
zoic sediments and volcanics rests atop the Great Valley Sequence. The sub-
surface of the valley is a geosynclinal east-west-trending warp with a north-
south-trending deep fold axis along the western valley edge.

b. Coast Ranges., West of the Great Valley are many mountain masses
juxtaposed by northwest-trending strike-slip faults. Two principal core
complexes are present in these mountains: Jurassic-Cretaceous eugeosynclinal
assemblages (Franciscan) and Early Cretaceous granitic and metamorphic rocks.
The two are not related. The Coast Ranges are structurally complicated, owing
their existence to plate collision and transform movement throughout their

history.

c¢. Klamath Mountains, The Klamath Mountains consist predominantly of
marine arc-related volcanic and sedimentary rocks of Paleozoic and Mesozoic
ages, Ultramafic and ophiolitic rocks are also important rock types. Many
areas of the Klamath Mountains are intruded by Jurassic granitic plutons.
Rocks of the Klamath Mountains are not exposed in the project area; however,
they were a source of detritus for the Great Valley Sequence.

d. Cascade Range. In the northeasternmost part of California and extend-
ing into Oregon and Washington is the Cascade Range (including the Modoc
Plateau). The dominance of Pleistocene/Holocene constructional volcanic land-
forms and block faulted basins characterizes this region.

e. Sierra Nevada. Along the eastern edge of California's Great Valley is
a huge batholithic landmass and thick sequence of Upper Paleozoic volcanic
strata. Old island arcs thrust onto a Paleozoic continental margin were
heavily intruded and plutonized through a Mesozoic Era plate collision. The
Sierra Nevada core resulted as an elongate block of crust. Later this block
broke free along its eastern edge and rose upwards thousands of feet tilting
westward and forming this dominant mountain range on California's landscape.
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f. San Andreas Fault. In California, faults are numerous, but their hazard
varies according to location. With the exception of the Great Valley and the
San Andreas (SA) fault zone, provinces surrounding Black Butte Dam have no
overwhelming influence on seismic hazard at Black Butte Dam.

The San Andreas Fault is California‘'s most spectacular and best known plate
border. The San Andreas Fault zone has had a series of large recurring earth-
quakes. This fault strikes N350 W along the western flank of the Coast

Ranges in nearly a straight line. Extending southward from Cape Mendocino, it
has 650 miles of continuous length. The main San Andreas Fault lies within
125 miles of the dam. Inland from the fault is a zome of sympathetic shearing
and faulting that mimics the San Andreas trend. The sympathetic faults of the
San Andreas lie as close as 57 miles west of Black Butte Dam.

2.2 Regional Geology. Quaternary geology and lineaments were compiled on a
1:100,000 scale base map shown as plate 1. The stratigraphy, morphology, and
structure within 50 miles of Black Butte Dam were compiled on portions of three
State of California 1:250,000 scale geologic maps. Figure Z-2 serves as an
index to geologic maps on plates 2, 3, and 4. Figure 2-2 also provides a key
to nine maps in the pocket showing more detailed geologic mapping.

2.2.1 Pre-Quaternary Stratigraphy. Figure 2-3 accompanies this discussion of
stratigraphy. Also refer to plates 2 through 6. Pre-Quaternary stratigraphy
1s extensively discussed in appendix B, and should be consulted for a better
understanding of the stratigraphic section and stratigraphy identified on the
figures and plates. Northern Sacramento Valley stratigraphy represents depo-
sition on an emerging crystalline continental margin. Successions of turbi-
dites, shelf deposits, shallow marine, and subaerial deposits are present
throughout the valley. Sedimentary deposits overlie a basement consisting of
dowrmr-thrusted Franciscan Complex and ophiolites in the west and Sierran grano-
diorites and Paleozoic metasedimentary strata in the east.

a. The rocks overlying the basement are thick units known as the Great
Valley Sequence (up to 24,000 feet thick). Generally the Great Valley
Sequence is divided into three series: Knoxville series (Jurassic), Shasta
series (Lower Cretaceous), and Chico series (Upper Cretaceous). Each series
has several formations. In the project area the depth to basement is unknown.
The project and lake are located on top of exposures of the Chico series.
Formations present at the damsite include: Forbes mudstone, Dobbins shale,
and Guinda sandstone. On the lake shore Funks, Sites, Yolo, Venado, and Boxer
(Julian Rocks conglomerate and Clark Valley mudstone) Formations are present
in outcrop. Further east along Stony Creek the Lodoga Formation is present
(Shasta series).

b. A major erosional unconformity marks the toundary between the Creta-
ceous formations and overlying Tertiary deposits. This unconformity represents
a period of time in which a huge submarine valley (lower Princeton Submarine
Valley) was eroded into the Cretaceous units in the area of the present
Sacramento Valley (see figure 2-4),.




CORPS OF ENGINEERS U.S. ARMY

Fmem=~ o

124° 123° 1220 1210 '
42° e — 5
/ ; s
L.(]w9E7E:? - lAl..i'!'QURAS
. oY YT T T .. MAP SHEETS IN POCKET
‘ ~ T ! MAP SHEET INDEX SHOWN
¢ o e -SHSANYILLE ABOVE
REDDING™3X D! X o) INDEX AREA LOCATED IN
~)\ LN S N RELATIONSHIP TO STUDY AREA
00 e : 4 i 4o SHOWN ON LEFT
s, | VR
% Uxi;n'-ﬂ, ul CRHICO b____4
R/ 1975 o0 7oA. /',____,
39 4 e -

N~ T~ ]

O\ A
. . s

() RO%Q i-w--}s’\cm.msu‘;o ’,>~/~“,

38° ) ‘ _{’I '?\‘<,
Ny R /. \,-” [~
SAN FRANCI . SAN JOSE
1968 \ /95 \ L7
. o’ RY
aze &; L Koatl
230 AREA CONTAINING 50-MILE RADIUS

N FIGURE ABOVE SERVES TO
LOCATE MAP PLATE 1 AND PLATE 2

GEOLOGIC MAPS | FIG. 2-2

0 S COVENRMMNT POWNITING OFFICE 1970 796- 381 8




CORPS OF ENGINEERS

U.S. ARMY

QUATERNARY

NEOGENE

TERTIARY

PALEOGENE

Colluvium/Terrace Sequences

TEHAMA FM.
NOMLAKI TUFF

NEROLY FM.
UPPER PRINCETON VALLE
LOVEJOY BASALT
BLACK BUTTE FM.
MARKLEY FM.
NORTONVILLE FM.
DOMENGINE FM.
IONE FM.

CAPAY FM. 5 lCTon vALTEY]

0 G 0 I

SEQUENCE

UPPER

CRETACEOUS

VALLEY

GREAT

JURASSIC

PPER| LOWER

KIONE FM.
FORBES FM.

DOBBINS SHALE
GUINDA FM.
FUNKS FM.

SITES FM.
YOLO FM.
VENADO FM.

CHICO

SERIES

BOXER FM. (JULIAN ROCKS)

(CLARK VALLEY MUDSTONE)

SHASTA
SERIES

LODOGA FM.

KNOXVILLE | STONY CREEK FM.
SERIES

WEST-CENTRAL SACRAMENTO VALLEY | 2-3

STRATIGRAPHY FIG.
OF THE

w0 3 COVEDRINNT PRINITING OFFICE: 1970~ 196-381

9

_




CORPS OF ENGINEERS

U. 8. ARMY

e 1 '\
1 T T

/

(_
\
\

o N

/‘3 .\‘\ T
R
SN

<+ \‘

/ )
Vo0
1Kt

e e e LOWER FRINCETON SUBMARINE VALLEY |
. UPPER PRINCETON VALLEY E
s cmmeoamm oo MARKLEY SUBMARINE VALLEY |
—— —— —— UPPER PRINCETON RIVER COURSE| |
~— —— — . LOWER PRINCETON RIVER COURSE |
s ome- MARKLEY RIVER COURSE

——...——..MODERN SACRAMENTO RIVER

CONSTRUCTED iN PART FROM
REDWINE, 1072

-LAci(nIAUJTé
O ORLAND .\mco
N
T ;\. N

\mu.ows; ) +

(,,

OENBRALIZED SOVNBARES OF THE
EOCENE VALLEYS OF NMORTHERN CALIFORNIA

10

FIG.
2-4




c. Next group in overlying succession is the nonmarine group. An impor-
tant stratigraphy is the one which makes up the formidable buttes that the dam
closes at Stony Creek gap. This strata is a locally occurring series of vol-
canic sandstone, mudstone, and conglomerate capped with basalt. The Black
Butte Formation, as it is found at the buttes in Stony Creek gap, became host
to a thin basalt flow or canyon flow about 15 million years ago. The Lovejoy
basalt occurs sporadically throughout the valley in wells, presenting in sec-
tion a sinuous canyon-like nature to its occurrence.

d. Next in succession is the oldest alluvium, representing a flood of
clastic material occurring during the Pliocene that descended from the rising
western mountain masses.

Tehama Formation. 1In the greater project area, the Tehama Formation consists
of greenish gray, occasionally pale yellowish gray, sandy, tuffaceous silt-
stone, lenticular channelized interbeds of conglomerate and sandstone, and
locally abundant conglomerate beds. Where near the surface, the conglomerate
commonly takes on a bright red-brown color presumably due to weathering on the
surface of clasts and the matrix. Where the weathering is incomplete, the
conglomerate takes on a mottled appearance. This bright red-brown coloration
was also observed locally in conglomerate beds exposed at depth by larger
creeks west of the damsite and may represent buried geosoils (see glossary).
The Tehama Formation is moderately consolidated and usually uncemented. It
lies unconformably on all older formations and was deposited in a fluvial
environment of an ancestral (and similar) Sacramento Valley of low relief.

The Tehama deposits, derived from the Coast Ranges and Klamath Mountains, were
deposited along the west and north sides of this ancestral valley. The Tuscan
Formation deposits, derived from the Sierra Nevadas, are coeval with the
Tehama, and the two interfinger in the central area of the present Sacramento
Valley where they reach a thickness of over 2,000 feet. The Tehama Formation
in the general project area takes on the appearance of a large fan from ances—
tral Stony Creek. The north toe of the fan lies near Black Butte Dam 20-

25 miles to the south, the south toe lies about 1 mile east of Willows, and
the remnant apex lies aproximately 1 mile southeast of Julian Rocks. The
Tehama Formation is late Pliocene in age, bracketed by age dates of 3.4 million
years (Evernden and others, 1964) and 1.5 million years (Lydon, 1968) based on
fossil contents. The Tehama Formation is relatively thin west of the damsite
but thickens rapidly to the east.

Nomlaki Tuff Member., The Nomlaki Tuff Member is 10 to 50 feet thick and found
near the base of the Tehama Formation over a large area of the northwestern
Sacramento Valley. It is a dacite tuff, locally white, salmon pink, or light
gray, massive, and coarse grained. Age dates indicate this tuff is 3.4 million
years old. It 1is exposed consistently near the western margin of the valley
and throughout the mapped area of the Tehama Formation. In the course of this
study, presumably reworked Nomlaki Tuff was noted in wave cut exposures of the
Tehama Formation at Orland suttes Recreation Area. An additional exposure is
noted in the Black Butte Foundation Report (Corps of Engineers, 1983) between
the North and South Forks of Stony Creek (sec. 21, T. 22 N, R. 5 E.). These
occurrences verify the relatively thin cover of Tehama Formation and the shal-
low depth to Cretaceous rocks in this area.
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2.2.2 Quaternary Stratigraphy and Geomorphology.

a. General. The cycle of uplift, erosion, downwarping, and reestablish-
ment of ancient Sacramento River fluvial deposition, responsible for the depo-
sition of the Neroly and Tehama Formations, was operative at least twice in
the Quaternary. The Red Bluff Formation represents a Quaternary cycle and the
modern alluvium of the Sacramento River another. Erosion of Tehama and older
formations has been occurring along valley margins since early Quaternary time.
Through various base level ad justments, numerous morphostratigraphic surfaces
have developed along the Quaternary drainages. Modern stream locations are
similar in nature to paleo-drainages from the highland areas west of the proj-
ect. The last major sedimentary cycle (Tehama aggradation) has built an
extensive coalescing alluvial fan outward from the Coast Ranges. Erosion is
presently moving material down a slope of transportation. About 1.25 million
years ago, fluvial deposition ceased, perhaps resulting from a Pleistocene
orogeny west of the study area (Earth Sclences Associates (ESA), 1980; Steele,
1979, 1980; Harlan Miller Tait, 1983, 1984)., Between about 1.25 million and
0.5 million years ago, extemnsive "high terraces” were cut across and into the
Tehama Formation by ancestral drainages of Stony and Thomes Creeks and the
precursor of other east flowing streams.

b. Red Bluff Formation. The Red Bluff Formation consists of deposits
very similar to the Tehama Formation; however, the Red Bluff Formation is
generally of uniform deep brick-red color, much coarser, and contains less
rounded clasts. These features can usually be used to differentiate the form-
ations where both exist. The principal occurrence of the Red Bluff deposits
is north and northeast of the Black Butte Dam area. It reportedly attains a
thickness of 100 feet in the vicinity of Redding but rapidly thins to less
than 50 feet to the south (Anderson and Russell, 1939). South of the general
area of Sehorn Creek only remnant patches of Red Bluff deposits remain, and
they become mappably indistinguishable from similarly colored gravels of the
Tehama Formation. The Red Bluff deposits unconformably overlie the Tehama
Formation and the Cretaceous rocks where the Tehama is absent. The Red Bluff
was deposited on an erosional surface in an alluvial environment very similar
to that of the Tehama and Neroly Formations.

c. River Fluvial Terrace Systems. Between about 1.25 and 0.5 million
years ago and continuing to the present, an extensive terrace system has been
formed along major valley drainages. This system is composed of nested terrace
levels which are of regional extent and are mappable. Terrace levels were
developed in response to episodic base level lowering resulting mainly from
climatic changes (ESA, 1980; Huston, 1973; Steele, 1979; Harlan Miller Tait,
1984; and Shlemon, 1967a, 1984, Per. com,). Terrace levels, either cut or
fill surface, and extensive "high" surfaces are correlated along the Sacramento
Valley. They have been dated by assocfation with major climatic changes during
the Quaternary. Terrace levels are distinguished by morphology and are cali-
brated by soil stratigraphy to distinct time periods. These morphostrati-
graphic surfaces provide the best means of evaluating the history of folds and
taults mapped across these units. Maps 1 through 10 (in the pocket) indicate
that neither faults presently mapped or inferred by others, nor folds, or
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lineaments in the study area, have disturbed the units of age Q6 or less
(350,000 years before the present).

Morphostratigraphic Units. Ten years ago few engineering geologists under-
stood terms such as morphostratigraphic units, geosoils, or soil-stratigraphic
nomenclature; however, these terms have become the geologist's "clue kit” to
aid him in solving recent fault history and defining displacement when faults
lie across or underneath morphostratigraphic units. These terms are described
in the accompanying glossary. Morphostratigraphic units in the Black Butte
area are nested terrace levels continuous Lo downstream channel deposits
developed in the youngest prominent fan heads (Steele, 1980; Huston, 1973;
Shlemon, 1950U; Shlemon and Begg, 1972).

Along the eastern foothills of the northern Coast Ranges the basic geomorphic
process has been the development of a slope of transportation by dissection
and lowering of the Tehama surface, resulting in the exhumation of underlying
folded sedimentary rock. Resurrected strike valleys and thrust zones are
exposed in the area of a once existing alluvial plain (i.e., maximum aggrada-
tion of Tehama fans) lapping onto the mountain front. On this slope, pedo-—
logical profiles formed in the last 0.5 million years when given a stable land
surface, climate, and vegetation. Where there has been geomorphic stability
through time, distinct soil horizons have developed that can be measured and
described as stages of profile development. Along Stony Creek, zonal soils
develop genetic horizons (such as the argillic horizon) that allow excellent
resolution of chronological sequence. Parent material and relief influence
zonal soil formation, however, through time past, in California in general,
and in this study area, zonal soil formation processes have mostly been domi-
nated by climate and biological forces.

In the foothill region, parent material is of mixed mineralogy and has been
inplace for a long time. Materials from the original Coast Ranges source are
sedimentary, metasedimentary, and basic volcanic in origin. The oldest mate-
rials above bedrock are mixed texture alluvium and gravel channels present as
oldest alluvial fans. Remnants of channels are now exposed on high benches,
ridge lines, and side-hill terraces as caps (fragipan) containing gravel and
cobblestone. These near—level surfaces can be mistaken as "high terraces”
suggestive of braided channels on the oldest upland plain. In some instances,
as at sec 28, I. 24 N., R. 4 W., these channels are exposed in cuts as exhumed
gravel channels of the Tehcma. These channels have been weathered long enough
in time to develop an abrupt duripan.

Very often, recently exposed nonweathered Tehama materials contain gravel
channels that also have duricrust (calcrete and silcrete). O0ld coarse-
textured overwash fans form a: the base of secondary drainages dissecting the
upland surfaces. The largest ones are seen in poorly sorted material exposed
through incision of Thomes and Stony Creeks. Moderately old gravelly alluvium
has been deposited on alluvial fans by local intermittent streams draining the
old alluvium of the foothills. There, surfaces are moderately to deeply
weathered. Moderately old sedimentary alluvium has been deposited from inter-
mittent streams draining the exhumed strike valley and older, fine-grained fan
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materials. Younger alluvium (but older than recent flood plain) has been
deposited by Stony Creek as flood plain and coarse fan head gravel channels
due to changing base levels because of shifting basins in the lower reaches.
Recent alluvium is varied-texture channel sand and gravel and recent flood
plain sediments laid down by Stony and Thomes Creeks.

Soil Stratigraphy. Fine tuned division of the Quaternary is most often related
to worldwide climatic change and the accompanying alternation of vegetation,
sedimentation, and hydraulic regime. These are, in turn, related to inter-
glacial and interstadial epochs. Most fluvial sediments in the Central Valley
were laid down during glacial/pluvial time, and most soil formation occurred
during preceding and following interglacial and interstadial epochs. On any
stable geomorphic surface, exemplified by terraces flanking Stony and Thomes
Creeks, soil profile began to form. With the passage of time, distinct hori-
zons slowly formed and, based on physical and chemical characteristics, can be
qualitatively distinguished by relative degree of soil profile development:
(1) minimal (slight), (2) medial (moderate), and (3) maximal (strong) (Begg
1968, Gowan, 1967). Relative sofl profile development can be calibrated to
epochs of Quaternary climatic change by association with oxygen isotope chron-
ology. Figure 2-5 shows relative soil profile; schematically mapped soil
series particularly applicable to the study area are shown on table 2-1. They
are distinguished mainly by relative development of the B2t (argillic) horizon
and are divisible into subcategories by differences in parent material and
texture.

Units. 1In this study, the major "intermediate” and "low" terrace levels are
designated from younger to older as morphostratigraphic units Ql through Q6.
The use and application of the concept of morphostratigraphic units follows
the approach discussed in detail in Harlan Miller Tait (1983, pages 37 to 43).
The lowermost four or five terraces are correlative to the Modesto and River-
bank Formations of the northeastern San Joaquin Valley (Davis and others,
1959). These formations were extended to the southeastern Sacramento Valley
(Shlemon, 1967b; 1Y72), and later to the western and northern Sacramento Valley
(Harwood and others, 1Y80; Helley and others, 1981; Helley and Jaworowski,
1985). Steele similarly recognized terraces in the study area, naming them
after soils series forming on them, e.g., Orland, Yolo, Arbuckle, Perking ter-
races (Steele, 1980, p. 18).

Many minor discontinuous intermediate units are also preserved in the study
area but have been identified only locally by observation in the areas.
Detailed field checking of morphostratigraphic units was conducted on Stony
Creek and Walker Creek. Reconnaissance checking was performed on Thomes Creek.

Channels. Units Ql through Q5 have equivalent age channels associated with

Stony Creek, downstream from Black Butte Dam. These channels were field mapped

in this study using prior mapping by Shlemon, et al. (1976). The channels
reflect the migration of Stony Creek across its fan., Soils developed on mor-~
phostratigraphic units Ql through Q5 are of the same pedological development
as those developed on equivalent-age channels Cl through C5.
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RELATIVE SOIL PROFILE DEVELOPMENT

STEADY

| MAXIMAL DEV. OLD SOIL

_MEDIAL DEV.

- MINIMUM DEV. YOUNG SOIL

RELATIVE DEVELOPMENT

TIME —————

Typical development of soil groups and profiles in the study area

SUBGROUD PROFILE DEVELOPMENT
Typic Xerofluvents Ap-C1-2C2 Minimal
Typic Xerothent Cl-Cl0I11cC3 Minimal
Typic Haploxeralfs Ap-Al2-Blt-B2t Minimal
Typic Haploxeralfs Ap-Blt-B21t-BE22t-B3tca-Clca Medial
Typic Palexeralfs 01-A1-A3-B21t~B22t-B3t-Cl Maxima.
Typic Palexeralfs Ap-Al-A3-vit-B2t-B3lt-bs.. Maximal

Abruptic Durixeralfs Al-A3-B21t-B22qm-Cml-Cm2 Maximal

Subordinate Distinctions

a-accumulation

carbonates
q-accumulation
t-accumulation

Classification after Begg (1968) and clay

Cowans (1967). x-fragipan character

p-plowed

m-Cementation or induration

of

of silica
of silicate

SOIL DEVELOPMENT IN STUDY AREA | FIG. 2-5
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TABLE 2-1

SOILS OF THE SACRAMENTO VALLEY APPLICABLE TO
BLACK BUTTE DAM STUDY AREA

Soil (1) Soil Parent Argillic Youngest (2)
Texture Series Material Development  Pan Scborder State Age

Coarse Cortina Coarse Minimal None Typic Xerofluvents Modern
Textured Textured
Soils Recent

Alluvium

Arbuckle Gravelly or Minimal None Typic Haploxeralfs 10,000
Cobbley
Alluvium

et = e = = = - = = = - — i+ o o = = T S = = . = s = - 8 = = e = " " " = " 4 = e o T S i 8 o oy v =

Perkins Gravelly or Medial None to Mollic Haploxeralfs 125,000
Cobbley Clay
i Alluvium

} Corning Gravelly or Maximal Clay Typic Palexeralfs 125,000
Cobbley

Alluvium

01d Terrace

e 4 T s > . 2 T T L " . L S "\ o b T o i " — — T T > " > - - -

Medium Orland Flood Plain Minimal None Typic Xerorthents Modern
Textures Outwash from
" Soils Sedimentary
Rocks
Wyo Sedimentary Minimal None Mollic Haploxeralfs 10,000
! Alluvium
Tehama 01d Alluvial Medial None Typic Haploxeralfs 10,000
Fans
! Hillgate Old Fans and Maximal None to Typic Haploxeralfs 125,000
Low Terraces Clay Pan
Fine Yolo Recent Minimal None Mollic Haploxeralfs 10,000
Textured Alluvium of
Soils Sandstone
Zamora Mixed Allu- Minimal None Typic Haploxeralfs 10,000
vium on

Alluvial Fans

Kimball Terraces Maximal None Mollic Haploxeralfs 125,000
L e e e e et e Y
Cemented  Moda Fine Grained Maximal Iron- Abruptic Durixeralfs 125,000
v Snils Alluvium Silica
Redding Gravelly or Maximal Iron- Abruptic Durixeralfs 250,000
Cobbley Silica
Alluvium
Red Bluff Old Fans Maximal Iron- Abruptic Durixeralfs 250,000
Silica
- f1) Soil series after Begg (1968) and Gowans (1967),

(7) Fstimated minimal ages after ESA (1980); Harlan Miller Tait (1984); Shlemon and
Begg (1972); and Steele (1979).
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Ql - This unit consists of the youngest topographically low fill deposit,
probably less than 10,000 to 12,000 years old, associated with all the larger
drainages in the study area. It includes the active channel and flood plain,
the first emergent terrace, which 1s probably alluvial land and of essentially
modern soils, including Orland, Yolo and Cortina.

Q2 - This unit consists of the first preserved "low” terrace remnants above
the active channel and flood plain., It is discontinuous but locally present
along most major drainages and locally is more extensive than Q3. Unit Q2 is
generally used for row-crop agriculture and is characterized by soils less
than 10,000 years old, including Zamora, Wyo, and Cortina.

Q3 - This unit consists generally of the most extensive “low” terrace rem-
nants present along most major drainages. It is best preserved on the north
side of Thomes Creek. It is locally covered by a thin veneer of young alluvial
fan deposits from ad jacent sidestreams graded to its surface. Q3 is generally
used for row-crop agriculture, but where uncleared is sparsely tree covered.
1t is characterized by minimally to medially developed soils, approximately
35,000 to 50,000 years old, including Arbuckle, Tehama, and Pleasanton soils.

Q4 - This is locally the most prominent unit in the study area associated
with the present drainage system, although it is less prominent in this area
than in the northernmost Sacramento Valley. It is generally the most continu-
ous and widest unit, and extends up larger tributary drainages. It may have a
distinct hummocky micro-relief, but in the study area it seldom displays this
character. 1t is best preserved on the north side of Thomes Creek. It is
locally covered by a thin veneer of young alluvial fan deposits from adjacent
sidestreams graded to its surface.

Unit Q4 has moderate relief and is slightly dissected. It characteristic-
ally has more minor, discontinuous, intermediate levels than others, particu-
larly on the outside of Q4 age meanders, and locally preserves remnants of now
abandoned drainage networks related to its formation. Intermediate levels imn
these areas include some slightly higher and older and some slightly lower and
younger than Q4. Q4 is generally used for pasture, crops, and range, and where
uncleared 1s sparsely to moderately tree covered. It is characterized by
medially developed soils approximately 80,000 to 125,000 years old, including
the Hillgate, Arbuckle, Tehama, Perkins, and young Kimball soils in the study
area,

Q5 -~ This unit consists of remnants of the first “intermediate” terrace
level preserved in the study area. 1t is generally moderately dissected with
moderate relief and is generally narrower and less continuous than Q4. Q5
remnants usually have a distinct hummocky micro-relief on Corning soils;
otherwise micro-relief is seldom seen on Q5 in the study area.

Unit (5 is generally used for pasture and range, with vegetation consist-
ing of annual grasses and forbs and scattered to locally abundant trees. 1t
is characterized by maximally developed sofls or equivalent surfaces approxi-
mately 200,000 to 250,000 years old developed on sediments greater than 250,000

17




ey

. - ——

to 300,000 years old. Commonly associated soils include the Perkins, Red
Bluff, Kimball, and Corning in the study area.

Qb - This unit consists of remnants of a second, topographically higher
"intermediate” terrace. It generally is moderately dissected with undisturbed
remnants typified by distinct hummocky micro-relief and is somewhat narrower
and less continuous than Q5. However, it is readily differentiated from Q5
and occurs along most major drainages in the study area.

Unit Q6 is generally used for pasture and range, with vegetation consist-
ing of annual grasses and forbs with scattered to locally abundant trees. It
is characterized by maximally developed soils or equivalent surfaces approxi-
mately 300,000 to 350,000 years old. Commonly associated soils are the
Redding-Newville and Corning in the area of study.

Red Bluff Pediment/Redding High Flood Plain. The term "Redding High Flood
Plain” was coined by Steele (1979) to designate the highest continuous, gener-
ally gently eastward-sloping surface preserved in the northern Sacramento
Valley west of the Sacramento River. The name "Redding” was derived from the
extensive soils series of that name mapped on several high-level geomorphic
surfaces in Glenn, Tehama, and Shasta Counties (Begg, 1968; Gowans, 1967;
Klassen and Ellison, 1974), These surfaces were inferred by Steele to repre-
sent a once continuous, regionally extensive high erosion surface, or pediment,
cut across the Plio-Pleistocene Tehama and Pleistocene Red Bluff Formations.
llelley and others (1981) included the "Redding High Flood Plain” in the Red
Bluff Formation, which they interpreted as a large, dissected alluvial fan
which truncated the Tehama Formation as a pediment. More recently, Helley and
Jaworowski (1985) referred to the surface as "Red Bluff Pediment”.

Prior to Steele (1980), Begg (1968) postulated that the oldest fans in the
study area were uplifted by tectonic action and subsequently dissected by Stony
Creek leaving many disconnected terrace remnants. Steele (1980) attempted to
reconstruct the predissected surface of the "Redding High Flood Plain"” by
drawing generalized contours connecting points of equal elevation on surface
remnants. The resultant contour pattern displayed several localized deflec—
tions which were postulated by Steele to reflect tectonics within the last

1.25 million years. Helley and Jaworowski produced a Red Bluff age contour

map in the study area just south and east of Black Butte Dam (Fruto N.E. quad-
rangle map) that shows a small east~west-trending dome in the area between
Wilson Creek on the south and South Fork Walker Creek on the north. This small
structure is one of several east-west-trending folds that their contour mapping
suggests along the west side of the valley.

The concept that a once continuous, regionally extensive high erosion surface
existed throughout much of the study area and entire Sacramento Valley is
intriguing and, if true, would provide one method to evaluate recent tectonics.
However, detailed photointerpretation, field mapping, and geomorphic inter-
pretation of published soil surveys conducted as part of the Cottonwood Creek
project study (Harlan Miller Tait, 1983) and this study indicate that the
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highest surfaces preserved in the study area are not remnants of a once con~
tinuous, regionally extensive “"flood plain” or pediment. Flood plain may be
an incorrect usage of the term, as is pediment, for anything other than a con~
structional slope. Begg (1968) used alluvial plain; although the Tehama Form-—
ation might have fit this concept once, perhaps coalescing in a large semiuni-
fied "surface”, individual fan surfaces in the formation were probably never
regionally continuous. In fact, present remnants of the many high surfaces
are representative of distinct fan levels localized by gaps in folded sedimen-
tary bench land. Terraces were cut across and into the Tehama Formation in
early Quaternary time between about 1.25 and 0.5 million years ago by ancestral
drainages of Thomes Creek and Stony Creek and by precursors of many other east
flowing streams in the northwestern Sacramento Valley. They became regionally
graded to the ancestral Sacramento River. Figure 2-6 illustrates the maximum
aggradation of Tehama fans and the onset of dissection by ancestral Stony and
Thomes Creeks.

A further examination of the pediment concept is warranted. A pediment is a
gently inclined plane (typically 1 percent in the southwestern United States)
at the foot of a mountain front. It is formed by degradation and retreat of
the mountain front, the headward source of sediments., The upper erosion sur-
face is thinly veneered with alluvium while at the toe a greatly thickening
wedge of clastic is graded to a closed basin or a through-going stream. The
outermost zone of aggradation encroaches on the thin veneer or pediment by
building of alluvium (Easterbrook, 196Y). ~Pediments are dissected by changes
in base levels. The Black Butte area does not fit the description of an
undissected pediment as illustrated by figure 2-7.

North of Stony Creek (off of figure 2-7) the Tehama and Red Bluff overlie the
bedrock wholly as a zone of aggradation. Thin wedges exist at Table Mountain,
elevation 1,100 feet, where the Tehama is presumably the thinnest, but the
wedge thickens rapidly eastward to more than 600 feet and persists for 3 miles
west. (Table Mountain, sec. 25, T. 26 N., R. 5 W., to Occidental Petroleum
Harris 9811 No. 1., sec. 23, T. 26 N., R. 5 W.).

The section sketch in figure 2~7 is south of Stony Creek across T. 21 N., R. 6
to 3 W. down the regional slope. For the section shown, the upper slope is
greater than 100 feet per mile; somewhat more than 50 feet per mile is typical
of southwest pediments. Since the Tehama dips at 2 degrees (250 feet/mile),
this is not the original constructional slope but rather an adjusted slope
reflecting degradation and/or slight regional tilting. Field evidence suggests
that in places more than 80 feet of thick clastic wedges of Tehama exist on
the higher slope areas, not suggestive of a veneer. Many areas in the Fruto
and Stone Valley quadrangles contain outcrop and subcrop of Nomlaki Tuff, sug-
gesting that the Tehama has been eroded to near the base of the formation.

The lower fan area has intact Q5 and younger units as do the upper fan heads
and subseyuent valleys, suggesting that this is a 100- to 250-million-year-old
surface at the oldest. We found no "high" terraces on Worthington Ranch
(Fruto N.E. northern half). The Tehama is 600 feet thick at Worthingtom 0il
Well (sec. 33, T. 24 N., R, 4 W,) indicating that this area could have been a
consequent breach in the bedrock bench land probably serving to localize the
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folded sedimentary rock forms ridgelines. Breached by erosion
during an older cycle, ridgelines form benches that stand

topographically higher than fan surfaces.

As presently occurring near Shéep
Mountain, Wyoming, breached ridgelines
w serve to localize new fan heads. Toe
J areas of the fans tend to coalesce into

a semiunified alluvial plain.

AGGRADATION OF TEHAMA FAN SURFACE FIG. 2-6
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DISSECTION OF TEHAMA FAN SURFACE
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Tehama fan at the gap during its beginning. For at least the last 0.5 million
years there have been adjustments in slope profile to a new base level of the
Sacramento River. No evidence of the former regional alluvial plain exists.
The remnant "high" surfaces mapped by Steele (1980) and Helley and Jaworowski
(1985) include morphostratigraphic units Q5, Q6, and older than Q6. Because
the remnant highest surfaces in the study area represent at least several dis-
tinct terraces formed at differing times and at different elevations, the sur-
faces cannot be meaningfully contoured. Localized deflections in any resultant
contour pattern cannot, therefore, be necessarily inferred to reflect late
Quaternary tectonism,

d. Recent Deposits. Alluvial deposits in the study area, present in
nearly all stream valleys, consist principally of materiai ranging from silt
to gravel. Clay and boulders are rare. These materials have been derived
locally from the Great Valley Sequence rocks, the Tehama Formation, and the
Franciscan Complex. Thickness of the alluvium is quite variable but probably
does not exceed 40 feet. Exposure of bedrock in creek bottoms is not common,
while thickness of alluvium at the damsite is approximately 20 feet. Col-
luvial slopewash commonly interfingers with alluvium at the base of slopes and
frequently is found as a wedge of material onlapping the morphostratigraphic
surfaces. Minor alluvial fans typically are found where small intermittent
creeks discharge onto the morphostratigraphic surfaces. Landslides in the
study area are prominent on the west side of Orland Buttes as earth flows in
the talus and underlying residuum below the steep basalt cliffs. Very few
landslides were noted in the Great Valley Sequence rocks, and those were minor.

2.2,3 Structure. The geologic structure of the region is dominated by north-
to northwest-trending folds and faults resulting from synclinal collapse of
the Great Valley in Late Cretaceous time. Development of northeast, north-
west, and east—-west structures continued throughout Tertiary time. The
dominant north-northwest-trending Willows Fault system proposed by Harwood and
Helley (1982) is not supported by convincing evidence. Moreover, the absence
of such a system is supported by data developed during this study.

a. General. In the area studied, structures are grouped as to their form
(faults or folds). Just after or during the time of accretion of the volcanic
arc and forearc basin to the continent, the Coast Range Complex thrust east-
ward under the Great Valley sequence. Thereafter, additional crustal
shortening occurred.

folds and faults resulting from crustal shortening and the synclinal collapse
of the Great Valley are the largest dominant structures. Later northwest,
northeast, and east-west oriented faults occurred resulting from the change in
stress field during the end of continental accretion and synclinal collapse,
approximately 3 million years ago. There is no convincing evidence for a
large branching northwest fault system in the area.
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b.  Folds, Domes, and Arches (Plate 3).

Red Bluft Arch, This structural feature is a northeast-trending anticline
locat ed midway between Cottonwood Creek and the town of Red Bluff. The Red
Bluff arch lies about 40 miles northeast of Black Butte Dam., The fold has
been the subject of several studies; the most recent by Harlan Miller Tait
(1903, 1984). This arch {s underlain by the Tehama Formation and is capped by
the Red Bluff Formation. Several levels of Q5 terrace on the arch flanks
dppear to be tilted and the region is believed to have undergone some tectonic
instability about 250,000 to 300,000 years ago.

Lorning Domes. Corning North and South Domes and Corning Dome are located in
Tehama County along a north-south trend l-mile east of Corning. They are
north~trending anticlinal features defined in the subsurface. Prominent hills
lie on the crest and western flank of the buried structure on an otherwise
flat plain. This topographic and geomorphic expression drew initial geologic
investigation to the area for exploration of gas deposits. After gas dis-
covery, the anticlines became better defined and remain as longtime recognized
structural features. Some over steepened stream gradients are present over
the general area of the anticlines., Additional evidence from Plio-Pleistocene
gas stratigraphic markers suggest early Cenozoic tectonic folding. Some
investigators suggest that the presence of Red Bluff gravel on the flanks and
Tehama-Tuscan Formation at the crest of the topographic hills indicates post=~
Red Bluff folding (within the last 0.5 million years, Harwood and Helley,
1982). However, the distribution of these deposits does not correspond with
the location of the subsurface structural axial fold plane (see figure 2-8).
Stratigraphic closure within the Tehama gas sand (unit 3) ranges from 300 feet
in the north to 50 feet in the south (California Division Mines and Geological
Builetin 181). This sand is about 200 feet above the Upper Cretaceous Forbes
contact with the Kione Formation. The north dome is separated from the south
dome by a high angle, northwest-trending fault. Harwood and Helley (1Y82)
cite well log data, earthquake pattern recognized by Marks and Lindh (1978),
surficial mapping, and seismic reflection work by Seisdata as evidence that
the Corning Dome (and Greenwood anticline, see paragraph below) was formed by
east side up drag on a north~trending fault., Based on studies reported in the
geophysics section (paragraph 2.4), the evidence cited for drag folding through
faulting is far from conclusive. Well location on the domes/folds is orderly
and spacially distributed with even density. In the area of the suspected
fault, no wells exist, Closest wells are 3 miles west of the dome. The
earthquake pattern shown by Marks and Lindh (1978) s 10 miles east of Willows
(near Glenn) and considerably south of structures discussed. The Seisdata
lines examined by this study had considerable data dropout along the Inter-
state (I) 5 corridor, and very poor geophone coverage adjacent to structures.
We were not able to confidently define structure along the I~5 corridor. This
area is believed to correspond to the map location of Harwood and Helley's
(1982) Corning Fault.

Multiple oil company proprietary seismic lines examined during this study,
private discussion with oll companies, and discussions of others' work indicate
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faulting along the flanks of folds is equally northeast as well as northwest
in trends. North-south trends are generally minor. State of California Bul-
letin 181 and other oil and gas journals also indicate similar faulting in
published maps of the gas fields. Furthermore, faults indicated on time sec-
tions are not spacially alined to indicate through-going trends. At best we
can speculate on an anastomosing subsurface pattern.

Greenwood and Willows Anticlines. The Greenwood anticline is a minor north-
trending fold (Harwood and Helley, 1982). The fold area is shown in figure
2-9, We interpret the fold to be a northwest continuation of the adjacent
Willows~Beehive Bend anticline lying to the south and east. The western flank
of the Willows anticline is truncated by the Willows Fault. Alkire (1968)
suggests this fault terminates at Artois and is one of many cutting the general
Willows anticline, both along northwest and northeast trends. Harwood and
Helley (1982) do not indicate these faults on their illustrations; however,
they continue the Willows Fault beyond Artois and suggest a genetic relation-
ship between the folds and the fault. Stratigraphic producers in the Willows,
Artois, and Ore Bend fields are within the Kione or Forbes Formation. A lack
of Tehama production is noted because of either the absence of the Tehama gas
sand or no deformation in the Tehama. We believe that seismic lines indicate
the Tehama to be undeformed throughout most of its section. As shown on
figure 2~9, C3 and C5 channels lie across the suspected fault and fold trends
in the Greenwood anticline (see also map 9). Both channels are undisturbed in
topographic profile across the fold. Thus there has been no deformation in
this section for the last 250,000 years.

Sites Anticline. The Great Valley sedimentary bedrock forms a broad synclinal
structure with large folds superimposed on the west limb. The Sites anticline
and Fruto syncline are two such folds (figure 2-10). The Sites anticline is a
flexure named by Kirby (1943). The 35-mile-long fold is a tight, near vertical
isoclinal fold structure about 3 miles east of the Fruto syncline. There 1is
evidence to suggest that the Sites anticline is a decollement fold detached
from a subregional basement structure by the Sites thrust fault. The section
on geophysics (paragraph 2.4) develops the Sites thrust in more detail. The
anticline is asymmetric with a steep axial plane, and the east limb is slightly
overturned. The west limb rapidly flattens into the Fruto syncline. The axial
plane of the fold dips steeply east and generally corresponds with a reverse
fault, east side down. This fault appears at depth to be a listric surface
that roots into a sole thrust at a depth of about 12,000 feet. This is easily
seen in cross sections developed and presented in the geophysics section (2.4).
The anticline strikes with excellent exposure up the west side of the valley
foothills from Sites for over 10 miles to the vicinity of White Cabin Creek

and French Camp (Fruto N.E. quadrangle) where the bedrock disappears beneath
the Tehama Formation. Kirby (1943) surmises that either the anticline bent
westward to blend into the Paskenta nose or continued north toward the reser-
voir area of Black Butte. Several seismic reflection lines crossing the north
reservoir area and Walker Creek area do not reveal the continuation of the
Sites Anticline northward along axial strike. Chuber (1961) mapped multiple
southeast-trending, high angle faults that parallel the dominant northwest
trend to drainage of creeks in the Fruto N.E. area. These faults sometimes
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offset the axial plane of the fold. Limited exposure of beds at the head of

White Cabin Creek are warped westward and suggest that the Paskenta nose is a
continuation of the Sites anticline, possibly offset eastward by high angle,

lateral slip faulting.

Fruto Syncline. The Fruto Syncline is a double plunging fold with a locally
steeper west limb. The syncline axis is 3 miles west of the Sites Anticline
axis. The fold is approximately 30 miles long. The syncline has several
shallow, minor northwest-trending faults disrupting the east limb. High angle
northeast and northwest faults are present in individual formation members on
the west limb.

Chico Monocline. Along the eastern foothills a remarkable northwest-trending

linear feature defines the valley edge. This feature is the Chico Monocline.
The structure is a west-dipping monoclinal fold in the Pliocene Tuscan Forma-
tion and underlying the Great Valley Sequence. Harwood and Helley (1982)
interpret the structure as indicating that beneath the monocline exists a
steeply east dipping reverse fault in the basement. Magnetic data, inter-
preted by Griscom (1973) through modeling, indicate that the fault separates
ophiolite from Sierran basement at depth. The existence of earthquake
epicenters coinciding with the trace of ground expression suggests a near
vertical or slightly west dipping fault (Marks and Lindh, 1978). 1t appears
that the Chico Monocline has been active during the last 1 million years.

c. Faults.

Coast Range Thrust., The Coast Range Thrust has been described as a prominent

thrust of considerable magnitude. 1n regional expression the Coast Range
Thrust is a sinuous contact between the Great Valley Sequence and the
ophiolitic and Frauciscan rocks or the sporadic ultramafic sheet that lies
between. Bailey and others (1970) considered the thrust to be separate
allochthonous tectonic blocks carrying the Great Valley Sequence over the
Franciscan assemblage. Maxwell (1974), Raney (1976), and Suppe (1979) have
argued that the Coast Range Thrust separates paraautochthons, preferring to
have the foreland of Franciscan Complex rocks dive or wedge under the Great
Valley Sequence in subduction-like response to a compressional collision. In
the present environment of north/south compression, past compressional struc-
tures which are presently nonsynchronous with contemporary stress have little
bearing for neotectonic response. Harlan Miller Tait (1983) and ESA (1980)
reports deal thoroughly with the Coast Range Thrust. Trenching by ESA (1980)
indicated no activity along this fault since the Pliocene.

Stony Creek Fault. The Stony Creek Fault is treated in this study as the

Great Valley/Ophiolite contact located in the western part of the study area.
1t extends from the Coastal Range Thrust in the vicinity of the Elder Creek
fault zone on the north, southward beyond Glenn and Colusa counties. Multiple
studies of this fault have been conducted.}/ They have considered the

1/irwin (1966); Kirby (1943); Jennings and Strand (1960); Strand (1962);
Chuber (1961); Brown (1964); Fritz (1975); Raney (1976).
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contact as being (1) normal depositional in nature, (2) depositional but
faulted, or (3) wholly faulted, a large spectrum for any structure. ESA
(1980) examined the Stony Creek Fault contact through its extent during a
study for the Glenn Reservoir Complex. They concluded that the configuration
of the Stony Creek Fault can be characterized as high angle, exhibiting both
normal and reverse motion locally, with the west side (ophiolite) moving up to
produce the present configuration of the mountain front. The fault represents
shearing along a preexisting depositional contact and is composed of multiple
segments., ESA and the State of California Department of Water Resources (DWR)
investigated terrace deposits located along Stony Creek Fault, although the
latter agency's study was more of a review of the former's work. Taken in
totality, Quaternary terrace sequences indicate vertical movements on a seg-
ment of the Stony Creek Fault near Thomes Creek occurred between 30,000 and
130,000 years ago (ESA, 1980). Southern areas of the fault seem tc have been
inactive for 250,000 years. DWR does not support younger movement at Thomes
Creek.

Battle Creek Fault. This fault has been the subject of analysis by Harlan
Miller Tait (1983) for Corps of Engineers, and information is drawn from that
study and from Helley, et al. (1980). The Battle Creek Fault zone is the name
given by Harwood and others (1980) to the approximately N. 700 E, to east-
trending fault zone on the northwest side of Battle Creek. The fault 2zone
extends from east of the Sacramento River near Balls Ferry Bridge northeast
toward Lassen Peak for a distance of 35 kilometers (km). It is projected west
of the Sacramento River as a lineament. East of the Sacramento River, the
Battle Creek Fault is roughly coincident with Battle Creek and forms a promi-
nent escarpment. Vertical offsets progress from 200-foot offsets in broken
Quaternary alluvial fans near the Sacramento River to 1,400-foot offsets in
Cascade volcanic units. These volcanic units are approximately 0.5 million
years old. The Battle Creek Fault is less well defined in the younger sedi-
ments of the northern Sacramento Valley west of the Sacramento River. The
fault is questionably extended towards Sulphur Springs near the Coast Ranges/
Klamath province on the basis of weak expression by gravity and magnetics.
Surface lineaments and some disturbance in Upper Cretaceous basement contours
reinforce the fault extension. Harlan Miller Tait {(1983) feels there has not
been measurable faulting younger than morphostratigraphic unit Q6 southwest of
the Sacramento River. This is in conflict with Harwood et al. (1983) who
speculate movement more recent than 130,000 years. Seismic reflection data
confirms the existence of the Battle Creek Fault zone in the subsurface at
least at one point (see Harlan Miller Tait, 1984, page 12). The sense of
movement on this line is down to the south as indicated on the records pub-
lished in the above-cited report. Harlan Miller Tait (1984) believe a
0.5-million-year age for last fault movement is correct because the fault does
not penetrate strata 0.5 million years old.

Red Bluff Fault. The Red Bluff Fault is the southernmost of a series of east-
northeast alined faults in the northeastern corner of the Sacramento Valley.
The Red Bluff Fault is a buried feature corresponding to the linear magnetic
gradient that terminates the north end of the Great Valley magnetic high.
Jennings (1977) and Steele (1979), each citing Madsen and Johnson (1960), show
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movement on the Red Bluff Fault as south-down. Because of the similarity of
its relationship to the Great Valley magnetic and gravity high with that shown
by the Midland and Willows Faults, it is suggested by the above authors that
the Red Bluff Fault may correspond to a basement fault along the east flank of
the west side trough of the treat Valley syncline.

Jennings (1975) shows the Red Bluff Fault as a queried feature extending along
trend across the west side of the Sacramento Valley to aline with a fault shown
offsetting the south end of the Elder Creek Fault. Peppard and Associates
(1981) show a fault of similar extent at the horizon of the Dobbins Shale
within the Great Valley Sequence. No specific field study of the Red Bluff
Fault was made in this study.

Willows Fault. (See figure 2-11) This fault is a north—to-northwest-trending,
steeply dipping reverse fault with some slip components (Redwine, 1972, Alkire,
1968) . The Willows structure has a suspected length of about 38 miles start-
ing west of Artois and extending southward to a point about 14 miles east of
Williams. Harwood and Helley, 1982, extend the Willows Fault south to the
area of the Stockton Fault along the eastern side of the Sacramento Valley
from the Colusa Dome at Colusa. Their extension is apparently based on a
steepening of the crystalline basement west of the -1,500 meter depth contour.
However, no clear offset of the subsurface, such as that demonstrated by
Redwine, 1972, along the trend of the Willows Fault, north of Colusa, is docu-
mented along this trend of Harwood and Helley. Its length and orientation
bisects the Willows-Beehive anticline, localizing gas productivity on the east
or up~thrown block. Cross faults oriented northeastward also cut the anti-
cline and are mostly truncated by the northwest portion of the Willows Fault.
The cross faults cut the anticline into a series of dowmto-the-north blocks.
These and other faults, as well as the fold, were first defined in seismic
reflection and refraction work (Alkire, 1968). Bruce (1958) mapped an unnamed
fault west of Compton Landing gas field in Colusa County. ILn addition, an
arcuate northwest-trending fault was mapped southwest of Butte Slough gas field
in 1960. Redwine (1972) connected these faults based on the complementary
trend of his contours outlining the Princeton submarine valley, the subject of
his study. te believed that in this locality the course of the valley was
determined by the Willows Fault. This work extended the Alkire (1968) trace

of the Willows Fault to the southeast into sec. 1, T. 15N., R. 1 E. Redwine
(1972), examining the Marathon 0il Capital-Capital No. 1 well (sec. 30, T.20N.,
R.2W.) and other wells, concluded the Willows Fault to have an offset of

850 feet at the top of the Neroly Formation with the offset extending into the
Tehama Formation.

From Redwine's structural contouring it appears that most of the movement along
the Willows Fault has been dip-slip, northeast-side~up relative to the south-
west. In the Artois-Willows area a C3 and C5 age channel deposit crosses the
fault without any evidence of disturbance in the channel topographic profile.
Even though historic seismicity in the Willows area might be attributed to the
Willows Fault, there is no evidence for measurable ground surface deformation
since about 120,000 years ago.
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Corning Fault, The Corning fault is envisioned to extend from Kirkwood on the
south to nearby Red Bluff on the north (harlan Miller Tait 1982)., In USGS

OF 82-737 of Harwood and Helley, speculation on the faults existence is based
on unpublished analysis of several seismic lines crossing the fault area.
Seismic reflection profiles used are interpreted to show some steep, east-
dipping reverse faults with increasing offset with depth. Deformation in the
Red Bluff gravel is also used to indicate faulting. In addition, observing
the regional slope defined by the bottom of the Cretaceous along the east side
of the valley (or top of basement), there appears a possibility of an offset
of several hundred meters along the valley medial line which coincides with
the Corning fault. Other authors have constructed sections in the area of the
fault and have failed to identify fault structures such as the Corning trend
described by Harwood and Helley (see Redwine, 1972; Safonov, 1962; Sacramento
Petroleum Assaciation, 1962; Calif. Div, of 0il and Gas Vol., 30 No. 2 1944).
In this study (see section on Geophysical Study, paragraph 2.4.4), cross
r:ction and topographic profiles indicate the existence of a dome but not the
continuous fault shown by Harwood and Helley.

Malton Fault., Harwood and Helley (1982) project the Malton Fault as lying
east of Orland Buttes along a north-striking, high angle fault trend. This is
based on their interpretation of seismic reflection records and map patterns
of Quaternary units. They give the fault a length of 20 miles. The sense of
relative movement is similar to the Corning and Willows Faults; that is, the
east side is up, and doming of subsurface structure on the east block is due
to drag folding. There is, however, no evidence of near surface folding as
indicated by a shallow seismic reflection investigation performed during this
study and by extensive remnants of Q5 and Q6 terraces which cross fault loca-
tions in Thomes Creek and Stony Creek (at Lemon Home Colony). The results of
the geophysical survey crossing the fault and ground topographic profiling are
reported in the Geophysical Study section (2.4). Extensive analysis of wells
containing the Lovejoy Basalt indicates that the flow is essentially unfaulted
across the supposed trace of the Malton Fault (figure 2-12).

Black Butte Fault. (See figure 2~12)

(1) Previous Observations. The Black Butte Fault as shown by Jennings
and Strand (1960) has a map length of 9 miles and trends N. 100 to 200 W.
The fault is thought to exhibit west-side-down displacement relative to the
east. Russell (1931) was first to show a fault in this position to explain
the presence of topographic, high buttes of basalt capping Cretaceous bedrock.
He correctly reasoned Orland Butte basalt (referred to as Stony Creek Butte)
was the same as basalt present in valley wells beneath the Tehama Formation.
Russell evoked the fault mechanism to explain the absence of Tehama materials
on top of the Buttes by stripping the uprising block. Later Durrell (1959)
and Creely (1954) suggested the origin of the basalt was a Miocene flow that
spread into the valley as channel flows from the Honey Lake escarpment. Orland
Buttes and Table Mountain were suggested as coeval. Relief on the basalt sur-
face was caused mostly by erosional relief of the underlying sedimentary rocks,
the basalt acting as a cast. The basalt on the valley edge was uplifted by
continued folding of the valley syncline. However, in the western valley,
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Van den Berge (1968) saw tectonic movements caused by folding and uplift as
mainly responsible for the relief in structural position of the basalt, with
principal tectonic movement occurring at the end of Pliocene time.

The Black Butte Fault was added to the California State Geologic Map by
Jennings and Strand (1960). Older versions were first published in Bulletin
181 of the State of California and 1936 vintage maps. Present day map
configuration resulted from reports by the Corps of Engineers, Sacramento
District. The Black Butte Fault was accepted by the Corps of Engineers (1963)
during site investigations for Black Butte Dam and Reservoir based on published
maps. In addition to the main Black Butte Fault, four subsidiary faults were
mapped during design and construction of the dam. Two north~-trending, high
angle normal faults with steep easterly dips are present in the right abutment
of Black Butte Dam. Both these faults have reported displacements of less
than 50 feet (15m) with the east side down-dropped. A third fault trends

N. 200 §, and was shown 3/4 mile (1.2 km) west of Black Butte Dam. The
presence of this fault is based on an east side-down step in the basalt capped
ridge north of Stony Creek. The mapped trace of this fault extends to the
southeast about 1-1/2 miles (2-1/2 km) from this basalt capped ridge. The
fourth fault has a trend of N. 550 E. and is mapped as displacing the Tehama
Formation.

During subsequent work by the California DWR, two additional splay faults were
mapped south of Orland Buttes near Walker Creek, These two faults trend

N. 600 to 700 W, and extend to the southeast from the main Black Butte

Fault. These faults were mapped based on photolineaments and brief field
examination; they are shown as offsetting deposits of the Tehama Formation.

Redwine (1972) examined subsurface oil well data, and suggested that the
Willows Fault, to the south, projects into the Black Butte Fault. This com-
bined Black Butte-Willows Fault would have a total fault length of 55 to

60 miles (8& to 96 km).

(2) Evidence Developed During this Investigation. Field mapping, linea-
ment analysis, stratigraphic reconstruction, gravity and magnetic data analy-
sis, shallow seismic reflection traverses, deep seismic reflection traverses,
and trenching developed as part of this investigation leads to the conclusion
that the Black Butte Fault does not exist; rather the Buttes are a topographic
escarpment and that Orland Buttes was a hogback prior to Tehama deposition.
The evidence for this conclusion is summarized as follows:

o Field mapping of the Black Butte area reveals that Orland Buttes are a
topographic expression of an erosion escarpment and that an unfaulted strati-
graphic column lies across the inferred location of the fault. Field maps for
the area of the inferred fault are Black Butte Dam, Fruto N.E., and Sehorn
Creek sheets. Greater understanding of this discussion can be gained by exam-—
ining figures 2~12 and 2-13. Orland Buttes are capped with up to 80 feet of
basalt that strikes in outcrop an average N. 170 W,, and dips 4 degrees east-
northeast. Underlying the basalt is Upper Cretaceous Great Valley Sequence
that strikes N. 210 W, and dips 20 to 30 degrees east-northeast; hence, the
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linear nature of the Buttes. The Tehama Formation was deposited to an
elevation of 600 feet on the basalt eastern slope and on the Great Valley
Sequence's western slope. The Tehama contact with underlying material is an
erosional unconformity in nature; thus the formation draped around the ridge
line as it was deposited. The pre-Tehama topography, a hogback consisting of
basalt and Great Valley strata, is the original escarpment that was partially
buried during Tehama deposition and presently undergoing exhumation.

o The stratigraphic section of Cretaceous rock at Orland Buttes along the
Tehama-Glenn County line was presented in prior paragraphs. As noted in
plate 5, the section is not faulted and continuous to the west in normal suc-
cession. Gravel benches present at elevation 900 feet on the middle Butte are
a pre~Pliocene channel of a west-southwest flowing stream which transported
Sierran granite materials as evidenced by granite present in the cobbles.
Redwine (1972) suggests, and we agree, that the Lovejoy Basalt marks the rim-
rock of the lower Princeton gorge. The presence of granite bearing stream
gravels yields added evidence to this hypothesis and does not indicate uplifted
Tehama formation on the western slope of the escarpment.

o Lovejoy Basalt lies as a single unfaulted flow on the top and eastern
side of the Buttes. Outcrop pattern on the Buttes and subcrop elevations in
wells east of the Buttes suggest the basalt is a narrowly confined flow com
trolled by the existing Great Valley topography at time of deposition.

Figure 2-12 shows the limits of the flow. The flow subsequent to deposition
appears elevated through continued folding of the valley edge and is tilted
eastward. The axis of tilt strikes nearly due north as does the valley axis.
As seen in well logs, the flow tilts eastward at 111 feet per 1,000 feet, or
approximately 6~1/2 degrees. This is in good agreement with outcrop informa-
tion and three-point solutions using flow tops. Solutions indicate the aver-
age strike of N. 17 W. and 4-1/2 to 6~1/2 degrees eastward dip. Predicted by
strike and dip, the strong repetitive presence of basalt at subsurface eleva-
tions in wells to the east of the Buttes indicates little if any faulting in
the basalt. The geometry of the data presented in figure 2-13 indicates the
possibility of only minor faults in the area of T. 21 N. and T. 20 N., R, 4 W.
offsetting basalt with less than 200 feet total vectoral displacement.

o Lineations in the Great Valley Sequence along western slope of the
Buttes are not faults but linear side slope benches emerging through the cover
of basalt colluvium and Tehama material. The projection of the inferred fault
based on photolineament trend south of Orland Buttes, crosses South Fork
Walker Creek, and strikes towards an unnamed drainage. The suspected main
branch of the lineament crosses Q3 and Q4 (?) terraces on Hambright Creek and
Walker Creek without apparent disruption or offset. A cut bank across this
lineament on the north side of Walker Creek was cleaned and logged. No Tehama
age material is faulted in this exposure (see log of trench on plate 6).

o The stratigraphic section of Cretaceous rock at Black Butte, along the

lehama-Glenn County line, was presented earlier in this study. No evidence of
faulting is revealed in the stratigraphy.
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0 Gravity and magnetic data were analyzed. Several microgravity traverses
were conducted. The Geophysical Study section (2.4) presents the results of
the Bouguer gravity profile analysis and Bott 2D analysis. Gravity observa-
tions do not support the presence of the Black Butte Fault. Magnetic data in
the area indicate that the Lovejoy Basalt is a continuous flow dipping to the
east. It is not detected west of Orland Buttes and pinches out to the east.

No fault of any magnitude can be modeled using the available magnetic base and
traverses made by this study (NGA, 1984).

o A shallow seismic reflection survey was run crossing the suspected Black
Butte Fault at two locations. No trace of the fault exists in the 1/2-second
records (see plates 11 and 12.)

o Deep seismic reflection records were obtained on three crossings of the
fault. No faulting of any significance can be found to correspond with the
west side of Orland Buttes (see Geophysical Study section, 2.4).

Two north-trending, high angle faults with steep easterly dips (east down) are
present in the right abutment. We analyze these to be block slides in the
Butte due to erosion at the toe of the basalt (see Site Geologic Conditions
section (2.3)).

The nortn-trending fault mapped in the basalt cap on North Butte is an apparent
step in the flow geometry. Mapping an individual flow across the Butte shows
this ridge is not faulted. Plane table mapping of Great Valley Sequence rocks
exposed at the base of North Butte and at Eagle Pass did not reveal any offset
of strata (communication obtained from Chico State College Geology Department,
1984; see Black Butte map sheet).

The N. 550 E, trending fault mapped on the north side of Black Butte does

not appear in the stratigraphy at or above the level of Lovejoy Basalt. A
three-point solution to Lovejoy Basalt elevations using North Butte elevation
mark 782, Humble-Hall #1 well (sec. 21, T. 23 N., R. 4 W.), and the Grace
Petroleum well indicates attitude in good agreement with the north-trending
channel of basalt as a whole (strike solution N, 100 W., 4,28 degree dip
east). However, this area is southeast of the implied fault and on the indi-
cated up~thrown block. To the north the projection of basalt shows that an
outcrop should occur at Butte Mountain-Long Hollow Road, map 5 (elevation 500
feet)., Field checking in that area did not reveal any basalt; nor did shallow
wells or seismic reflection survey indicate basalt in the subsurface.

We conclude that faulting cannot be confirmed on the basalt occurrence north-
east of the supposed fault. Using wells in T. 24 N, and T. 25 N., three-point
solutions indicate the basalt flow is unfaulted. The Tehama Formation does

not appear faulted in field examination and is so mapped on the Black Butte
sheet at Buckhorn area north of the dam. A northeast-trending fault exists in
the subsurface Upper Cretaceous stratigraphy. Up to 200 feet of offset exists,
with the northwest side up. The fault does not penetrate the upper 1,000 feet
of strata. This fault is present only in the subsurface, and the only evidence
for its existence is that the fault appears in the Long Hollow-Ham seismic
section (see in Geophysical Study section, 2.4).
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The Walker Creek Faults identified by ESA (1980) through their lineament
analysis do not indicate faulting in the Lovejoy Basalt. A basalt knob lies
between the faults (sec. 34, T. 22 N., R. 4 W.). Again, a three-point solution
using the basalt contact on Orland Buttes (sec. 21, T. 22 N., R. 4 W.),
Worthington Knob, and Franklin Well (S.E. 1/4 sec. 24, T. 22 N,, R, 4 W.)
basalt at -1,508 feet mean sea level gives a N. 50 Y, strike and 4.05 degree
dip. This is in excellent agreement with the regional strike and dip on basalt
as an unfaulted flow. Field mapping indicates the Tehama is not faulted

(Fruto N,E. sheet) in the area of Walker Creek. On individual creeks, Q4 ter-
race elevations match on each side of the banks that straddle the fault pro-
jections. In sum, the Walker Creek Faults have no field evidence to support
their existence.

Paskenta Fault Zone. The Paskenta Fault was studied in detail by ESA (1980).
That study concluded that the fault zone had no expression in four terrace
levels along Thomes Creek (probably Q4, Q5 and Q6 equivalent strata terraces)
and had ceased movement by the beginning of Tehama deposition, 3.4 million
years ago. Prior to ESA, Jones, et al. (1968, 1969), show the fault zone on a
generalized Buchia zone map as 1/2-mile wide, northwest-trending, and curving
gently northward to merge with the Stony Creek Fault (Buchia Crassicollis is a
prominent faunal marker in Lower Cretaceous rocks.) They conclude that large
differences in Buchia zones indicate many miles of stratigraphic separation
occurred on the fault and that the apparent 4-1/2 to 6 miles of left-lateral
surface offset took place during pre-Tertiary time. The movement probably
occurred when the beds were more horizontal. Mapping from Jones and Bailey on
the Paskenta 15-minute quadrangle and included in the ESA report (1980) indi-
cates the fault zone to be an anastomizing serles of shears that branch toward
the south and canno- be followed into the Tehama Formation that caps the fault
southeast of Paskenta. Page (1966) sees the Paskenta zone as part of the
Sierran/Franciscan boundary where the tear fault becomes a tectonic contact
(Stony Creek Fault) between the Franciscan Complex and the Great Valley
Sequence.

Kirby (1943) first termed an area of structural disturbance, traceable south~
ward from Paskenta in scarce river and creek bottom outcrops, the Paskenta
nose. This synchronous fold/fault zone is mapped northwest of the north arm
of Stony Creek trending towards Paskenta (see Sehorn Creek and Newville
sheets). The trend disappears beneath the Tehama Formation north of the north
branch of Stony Creek along a trend that follows the northwest trend of
Kendrick Creek towards Paskenta. The immediate suggestion is that it is
related to the Paskenta Fault zone. This study believes the Paskenta nose as
that area where the Paskenta tear fault passes into the listric fault associ~
ated with the Sites anticline. Geophysical seismic sections developed across
the Paskenta nose indicate the nose originates at depth along the same detach-
ment as the Sites thrust fault. (Sections indicating this are shown in the
Geophysical Study section 2,4,)

Willows Fault System. The Willows Fault system was defined by Harwood and

Helley (1982) based on contouring of stratigraphic units obtained from analy~
sis of well log data, some seismic reflection, and other assumptions. Their
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concept of the Willows system is shown on plate 6. As mentioned, the Willows
Fault system is reported in USGS Open File 82-737. A large part of our study
was devoted to examining the field evidence for the existence of this fault
system. We conclude that the Willows Fault system, as so defined, does not
exist. Appendix C contains a detailed examination of the assumptions and evi-
dence for the existence of the system presented by Harwood and Helley, includ-
ing findings of this study that are contrary to statements of evidence given
by Harwood and Helley in their text. The existence of the fault system
described is controversial and suspect in any hazard analysis for Black Butte
Dam. 1In sum, we do not feel there is any evidence supporting the items in the
following list. Quite the contrary, this study presents cogency of evidence
against the existence of the items noted below and, therefore, continuity of
the fault system proposed:

0 The fault at Orland Buttes.

0 Association and trend of seismic events (shown by Marks and Lindh,
1978, see figure 2-14).

o Corning Uomes and Greenwood anticline as evidence for drag faulting,

o Citing the Muculloch Sunray Anchordogry No. 1 well and Occidental
Petroleum Harris No. 1 well as evidence for existence of the Malton Fault.

0o The interpretation of Harwood and Helley concerning the Seisdata lines.

o The Willows Fault in the Willows gas field and the Paskenta and Elder
Creek Faults at three respective zones appear to be well supported. However,
the evidence for connecting faults between these zones is unwarranted and con~
trary to data developed during this investigation.

2.2.4 Lineaments.

a. General. Recent offset expressed in fault-scarp morphology can often
be documented through analysis of low-sunm-shadow enhancement of aerial photog-
raphy (Slemmons, 1977). If the fault has been recently active, segments of
known faults are sometimes reflected in disturbance of drainageway and other
topographic features. Active or growing fold structure sometimes disrupts
drainage patterns, such as producing centripetal drainage nets. Several types
of imagery were used to analyze the area (indicated by shaded squares in
figure 2-2) for lineaments. The imagery list includes the following:

o Landsat 1:250,000 scale images, 30x30-inch enlargements, 28 Sept
1979 scene, bands 4, 5 and 6 and a false color composite of bands 4, 5 and 6.

o Skylab: Three 1:250,000 scale color infrared (CIR) stereophoto
enlargements, June 1973 scene of Sacramento Valley.

o Stereoscopic, Panchromatic, quad-centered 9x9-inch photographs:
1:80,000 scale, 1983 flight, Ames RB47-7 flight lines.
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o Monoscopic Panchromatic low-sun-angle photographs: 1:12,000 scale;
10 flight lines.

Results of independent photographic analysis teams composed of Photographic
Interpretation Corporation (PIC) personnel was reported in Harlan Miller Tait
(1984). Photoanalysis and ground truth was carried out by Seattle District
personnel, the results of which are shown on plate 1.

b. Interpretation of the Final Lineament Maps. The lineaments plotted on
the final map are not necessarily faults in bedrock but may represent zones of
bedrock structure (joints, fractures, bedding, or faulting) which are expressed
as linear features upon the aerial photo or satellite imagery. Those linea-
ments shown as solid lines merited further investigation. The results of the
investigation are given in table 2-2. Table 2-2 is cross referenced to
plate 1.

It is difficult to compare lineaments mapped from satellite imagery to those
mapped from relatively large scale aerial photographs. Two studies listed on
plate 1 demonstrate this difficulty. The difference in scale necessitates
that each analysis be based on differing criteria. At the satellite scale,
entire river valley systems extending for many miles may aline themselves into
one linear element, while at the 1:80,000 or 1:12,000 scale, only straight
segments of a river channel within a valley system would be mapped as linea-
ments. A lineament drawn on a small-scale satellite image will span a width
of hundreds of feet, and can be symbolized by a single, straight line on the
satellite image. kEach image, whether small-scale satellite or large-scale
airphoto, provides differing levels of detail and care must be taken in
comparing one scale image to another.

In the area of study, careful inspection of the drainage overlays generated as
part of the PIC lineament analysis did not reveal obvious deflections in
drainage patterns of the present day systems. Thus, no doming or upwarping is
suggested. Harlan Miller Tait (1984) does not see any obvious evidence of
upwarps associated with the surface projections of major mapped subsurface
faults suspected in the Sacramento Valley (particularly those listed by Harwood
and Helley, 1982). These faults include the Willows, Corning, Malton,
Paskenta, and Black Butte. Drainage associated with the South Fork of Walker
Creek makes a large boat-hook bend (see sheet 9, Fruto NE quadrangle map) to
the south of Orland Buttes, probably because of the presence of the south
basalt butte, Drainage between 5. Walker and Wilson Creek north of Michaelson
Ranch contains minor deviations from the dominant northwest trend and under-
lying silt-type dendritic character. In general, there is no obvious disturb-
ance to the drainage net in this area, yet a peculiar pattern does exist and a
strong lineament runs between the creeks alined towards the back side of Orland
Buttes. This and several other lineaments of sufficient length and closeness
to the dam warranted ground investigation. Further details on the above refer-
enced lineaments are in the Geophysical Study section (2.4)., Generally few
lineaments found to date represent expressions of faults, and the ground
investigation revealed that not one fault-lineament correspondence indicated
faulting with Quaternary slip.
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c. Lineament Summary. The photogeologic study and field examination con~
cluded that lineaments in the Black Butte study area are related to drainage
character and/or rock fabric. Strongly expressed lineaments in the study area
are interpreted as reflecting the megascopic skeletal bedrock fabric, includ-
ing the following:

o North 5 to 25 degree strike of Cretaceous bedding.
o Regional eastward dip of Cretaceous bedrock.

o A regional hinge line running from sec 28, T. 23 N., R. 5 W.,
through sec 23, T. 23 N., R. 4 W., towards sec 3, T. 19 N., R. 4W,

o High angle shear faults along N. 600 E, east-west, and N, 450 W,
trends.

o A subdued zone of secondary folding between strike valleys and hinge
line.

2.3 Site Geologic Conditions. Black Butte Dam was built in a bedrock channel
incised through and 420 feet below the upper surface of the sandstone and
basalt ridge forming Orland Buttes. Black Butte forms the north abutment while
Orland Buttes form the south abutment. Stony Creek passes over Great Valley
Sequence rocks with a relatively thin cover of Tehama Formation to the
Quaternary alluvium on the floor of the modern Sacramento River flood plain,
which is underlain by hundreds of feet of Tehama Formationm.

2.3.1 Stratigraphy. The stratigraphy at the damsite is somewhat less complex
than that for the greater study area and is portrayed on plate 5. The oldest
exposed rock is shale of the Cretaceous Great Valley Sequence (Forbes Forma-
tion) which dips 20 to 30 degrees to the east and the top of which is marked
by an angular unconformity. The volcaniclastic Black Butte Formation overlies
the Great Valley Sequence rocks, and in the area of the dam it thickens east-
ward. Field exploration along the west side of the Buttes indicated that the
Black Butte Formation must be thin (less than 20 feet) if it exists at all
(see Foundation Report, Black Butte Dam, 1963). Up to 90 feet of Black Butte
Formation lies beneath the basalt at the dam abutments and up to 50 feet
occurs beneath the main dam embankment. The Lovejoy Basalt unconformably
overlies the Black Butte Formation. The basalt varies locally in thickness
due to prebasalt topography, being approximately 70 feet thick at the damsite
but elsewhere is often about 40 feet thick. The basalt dips 4 degrees to the
east. The Tehama Formation laps around the buttes, lying upon and against the
Lovejoy Basalt and Great Valley Sequence rocks. Up to 20 feet of recent
alluvium underlies the bed of Stony Creek at the dam.

2.3.2 Dam Foundation Geology. The channel of Stcny Creek has cut through the
basalt caprock and into the underlying mudstone, sandstone, and conglomerate
of the Black Butte Formation, and in one area it has reached the shale of the
Forbes Formation. Plates 7, 8, and 9 depict the foundation geology of the dam
and appurtenant structures. The Impervious core is founded entirely on the
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Black Butte siltstone and sandstone, except from stations 30+50 to 31+20 which
is founded on conglomerate and stations 20+10 to 21+40 which is founded on
Forbes Shale. The upstream and downstream shells of the dam embankment are
founded on recent alluvium of Stony Creek, which is typically 10 to 15 feet
thick overlying bedrock. On the left abutment, the main embankment was placed
against deposits of the Black Butte Formation up to approximately elevation

415 feet and on Lovejoy Basalt above that elevation. The right abutment was
placed against the same materials as the left abutment with the change in rock
type at approximately elevation 395 feet. The spillway channel was cut through
the Lovejoy Basalt and, in the lower part of the upstream end, siltstone and
sandstone of the Black Butte Formation. The concrete structures of the outlet
works upstream of the tunnel are founded on Lovejoy Basalt, mudstone and sand-
stone of the Black Butte Formation, and the Forbes shale. The intake control
tower is founded entirely on shale of the Forbes Formation. The intake tower
bridge abutment is founded on Lovejoy Basalt. Bridge pier No. 1 is founded on
mudstone, and bridge pier No. 3 on conglomerate. The upstream end of the tum
nel starts in shale of the Forbes Formation and conglomerate of the Black Butte
Formation, and as a result of the downstream dip of the formations, penetrates
the shale, conglomerate, mudstone, and lower portion the Lovejoy Basalt. A
fault with 25 feet of east side~down displacement was encountered in the tunnel
at station 8+02.5 and is discussed in the following section. Concrete struc-
tures of the outlet works downstream of the tunnel are founded on Lovejoy
Basalt, except for a portion of the north stilling basin wing wall which is
founded on Tehama Formation deposits of clay, silty sand, and gravel.

2.3.3. Dam Foundation Structure. Structural features of the foundation and
attitudes, jointing, and faulting are treated below.

o Attitudes. As noted above, the rocks of the Great Valley Sequence dip
20 to 30 degrees to the east, a consequence of being part of the limb of the
valley syncline. Three-point problem resolution of the upper surfaces of the
basalt capped Buttes, projection to subsurface occurrences to the east, and
magnetic modeling show the Lovejoy Basalt dipping at 4+ degrees to the east.
No bedding was evident in the Black Butte Formation, hence its attitude is
unknown. The Tehama Formation generally lacks measurable bedding planes but
regional occurrence suggests it dips at less than 2 degrees to the east.

o Jointing. Two prominent and normal joint systems are present in the
basalt at the damsite, and on the right abutment area they extend into the
underlying sandstone. They strike N, 400 to 550 W. and N. 0° to 60°C E.
and both have vertical dips. A less prominent joint set dips gently eastward
and was probably horizontal prior to the tilting of the flow. Overall, the
joint system defines roughly rectangular blocks whose dimensions average 15 to
20 feet. Additional fracturing in the mudstone and sandstone of the Black
Butte Formation is confined to the right abutment area, particularly in the
upstream tunnel portal area and the tunnel from stations 10+30 to 11400 where
they are open and closely spaced, with heavily stained surfaces. Conglomerate
of the Black Butte Formation does not exhibit jointing. Of the two joint
systems in the Forbes Formation, one follows the bedding planes and the other
trends slightly east to west of north and has steep dips.
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o Faults. Two faults of minor displacement, revealed at the damsite dur-
ing construction of the outlet tunnel and now inaccessible, were discussed in
the foundation report as follows (C.0.E., 1963):

"(Two)...faults are present in the right abutment, one cutting
the outlet tunnel at Sta. 8+00 and the other cutting through the
tunnel conduit section at Sta. 13+00 Both trend north and dip
east at high angles. They are normal faults in which the east
blocks have been dropped in relation to the west blocks.

Although they have displacements of less than 50 feet, their
effects on the rock have been extremely detrimental and almost
totally unexpected. ...Multiple gouge zones up to 40 feet in
width were uncovered in the basalt of the tunnel conduit section,
stilling basin and irrigation diversion channel. These zones

cut the basalt mostly at high angles and consist of intensely
altered basalt fragments in a matrix of brown, gray or tan clay.
...In the outlet tunnel from Sta. 7+50 to Sta. 9+35 an almost
continuous zone of shearing was penetrated. Spacing of the
individual shear planes ranged from 3 feet to less than one inch.
...Not infrequently the mudstone has been thoroughly pulverized
into a loose, dry silty clay. The individual zones of extreme
shearing ranged in width from a few inches to 5 feet or more.
These zones, as well as the individual shear planes with suffi-
cient continuity to determine attitude, almost always had strikes
in the range of N10OE to N10OW and dips from 75° to verti-

cal. Minor shearing was also noted in the stream channel section
of the core trench and in the left abutment upstream from the
core trench. ...However, faulting has probably been at least
partly responsible for the development in the basalt of a system
of near vertical joints in both abutments along which extreme
weathering has taken place.”

These faults, shown on plates 7 and 9, were considered in the foundation report
to be branches of the "Black Butte Fault."” However, this report shows that
fault to be nonexistent. The basalt apparently flowed across a surface that
was fairly level or tilted slightly to the west. Since its deposition, it has
been tilted 4+ degrees to the east and possibly more. In addition, after
emplacement of the basalt, down cutting of the upper Princeton Valley removed
much of the basalt, creating a rimrock topography for the upper Princeton
Valley fill, where detached blocks spalled off the valley walls. Such rela-
tionships are observed at the terminal end of the spillway where the basalt is
in various stages of block detachment and moving downslope over terrain devoid
of basalt. Also, underlying the basalt at the crest of the spillway cut where
the basalt lies in a normal depositional relationship are "slick” clayey sand-
stone and mudstones. These factors, taken together, suggest that these two
faults are related to gravity sliding and adjustmenc of blocks of basalt over-
lying an east-tilted "slick™ clay formation.

2.4 Geophysical Study. Plate 6 is a map showing the nature and location of
various geophysical studies. Figure 2-15 shows the results of gravity and
magnetic modeling.
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2.4.1 Gravity Study. Several gravity lines were surveyed along east-west
trends perpendicular to regional structure. The lines were read to microgal
accuracy and program corrections were made for tides and drift. Free-air,
simple Bouguer, terrain, and regional gradient corrections were removed. A
mass balance model using modified Bott 2-D routine was calculated (Bott, 1960).

Based on the results indicated for Ap 1/ = 0.1 gm./cc., a two-dimensional
section gravity model was attempted. Limited points were calculated and com-
pared to observe Bouguer gravity. Results of this modeling indicate the lack
of steep north-trending faults in the study area. Neither the suspected Black
Butte nor Malton Fault could be confirmed. Gravity analysis indicates that
the principal structure present is at subbasement level in the dam area, about
20,000 feet deep, and is parallel to the regional geologic trend expressed on
the surface by visible structure. The gravity model suggests a wedge of less
dense material 1s emplaced at depth near the mapped position of the Paskenta
nose. Also, a block of higher density (possibly Franciscan or mafic volcanic)
material is piled at depth beneath the dam in section 17 at a depth below
17,500 feet. No high angle faulting is associated with these boundary condi-
tions, but rather the profiles suggest thrust slivers and doming.

2.4.2 Magnetic Survey. Several ground magnetic lines were surveyed along
east-west trends perpendicular to the regional topography. The purpose of
this work was to determine the most likely geologic structure of the Lovejoy
Basalt flows in the area. The geologic structure was obtained by modeling
surface magnetic data, using comparisons between observed and calculated mag-
netic anomalies to refine geologic sections developed from surface and bore-
hole geology. The modeling results were further constrained by geomagnetic
and paleomagnetic data. A complete report of modeling is contained in NGA,
1984. The favored computed magnetic model presents the Lovejoy Basalt as a
continuous flow dipping to the east at 4.25 degrees. The basalt was not
detected west of Orland Buttes nor is there any noticeable displacement in the
basalt other than east dip. The only indication of structure other than
unfaulted basalt flow is the character of the magnetic basement (as shown in
figure 2-15).

There is a noticeable increase in the slope of the basement slightly west of
Orland Buttes with the west side down. The inclination of the slope and the
offset at depth indicated is dependent upon the magnetic parameters that are
used for the basement. While these parameters may vary, the presence of some
basement structure is required to model the regional magnetic anomaly. A minor
anomaly near the crest of Middle Butte on the east flank corresponds to either
the onget of superposition of two flows or a minor fault. Two flows can be
mapped on the Butte at some locations, This anomaly does not appear in the
South Butte.

2.4.3 Paleomagnetic Analysis and Age. Six sites on Black Butte and one Upper
Chico Canyon site were sampled for age and paleomagnetic study. The location

}/Z%, (Change in density or contrast between density of rock.)
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and results of this study are reported in detail in NGA (1984). The Chico
Canyon basalt is correlative with the Table Mountain basalt on the east side
of the Sacramento Valley. The results of K-Ar radiometric age dates from
opposite sides of the valley indicated mid-Miocene age between 13.6 and

15.2 million years ago for the basalts. The Lovejoy Basalt was formed during
a reversed magnetic epoch. Some slight variation in declination and inclina-
tion exists, possibly due to small relative motion of basalt along Orland
Buttes during uplift. However no large scale block rotation at the sample
sites is indicated. The paleomagnetic property of the basalt suggests the
direction of the flow is from the north in the immediate area.}]

2.4.4 Shallow Reflection Survey. Four shallow seismic reflection survey lines
were made across suspected surface locations of fault structures identified by
other investigators. The shallow seismic reflection survey, using common off-
set reflection profiles, was conducted under Corps of Engineers direction by
Endacott and Associates. Complete results of the reflection survey are con-
tained in their report (Endacott and Associates, 1984). The interpreted pro-
files are shown on plates 10 through 13. Results are as follows:

Line 1 (Plate 10). This line was shot across the Paskenta nose
and morphostratigraphic unit Q4. This line shows two geological
features. The anticlinal fold at 160-foot depth is Cretaceous
bedrock configured as the Paskenta nose. The high-angle fault
associated with the Sites-Paskenta feature is confined to the
Cretaceous strata and does not propagate through the Tehama
Formation or the (4 terrace overlyiny Tehama.

Line 2 (Plate 11). This line was shot across the inferred Black
Butte Fault at Hambright Creek. The predominant geologic feature
seen on this profile is a wavy rise on the time section on
reflector R3. This corresponds to the location of buried Cre-
taceous topography. The east curvature of the reflector is a
dip-slope of Cretaceous beds and the west curvature is an eroded
slope exposing bed section as a reflector. No fault is present
at station 15400, the inferred position of the fault. Reflec-
tors R4 and R2 are different materials as are R5 and R3. This
interpretation is not unique and could also be interpreted to
indicate a buried dike or fault. The dike is eliminated through
magnetic modeling and no fault is indicated in deeper seismic
records. No structure propagates into upper terrace cover (Q3).

Line 3 (Plate 12), This line was shot across the projected
Black Butte lineament at Walker Creek. Geologic interpretation
of this line indicates very shallow Cretaceous bedrock at the
east end where it appears to be a buried topography mimicking
monoclinal beds. The presence of the R5 (?) reflector

1/Magnetic grain indicates a general northern channel source.
Ultimate source believed to be Honey Lake escarpment.
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(diffraction) suggests a fault, A deep seismic record of the
same area indicates no faulting of underlying beds. Deep
reflection work tends to discount a shallow fault interpreta-
tion. A trench dug in the overlying Tehama material shows no
evidence of disruption (a bank log of the trench is included on
plate 19).

Line 4 (Plate 13). Line four was shot across the inferred posi-
tion of the Malton Fault. Interpretation of this line indicates
a fairly uniform and flat lying geological section of Tertiary
sediments., No faulting of the Q5 terrace can be seen. Under-
lying Tertiary reflectors are continuous without fault interrup-
tion. A remnant of Lovejoy Basalt (indicated in well data) is
possibly in the subsurface at 345 feet below the surface; how
ever, if this is so, the high speed basalt causes velocity pull
ups and makes depth uncertain. Diffraction near the k3 reflec-
tor can be the result of a pull up.

2.4.5 Deep Seismic Reflection Work. Four seismic reflection profiles were
obtained and examined in detail and were correlated with wells, ground geology,
and gravity lines. The results of this analysis are shown on four geologic-—
seismic sections illustrated on plates 14 through 17. The sections are of the
general areas listed below.

Long Hollow Seismic Section (Plate 14). This section is along an east-west
line from R. 5 W. to R. 2 W. in the general area of the northern border of

T. 23 N. The line crosses the inferred position of Black Butte, Malton, and
Corning Faults. The section shows the beginning of the Kirkwood-South Corning
dome.

Basement is about 1.4 seconds (about 12,000 feet) in this area. Lying above
basement, a series of detachment planes initiate within the Chico Series. The
detachments rise in section and cut across east-dipping strata. Within the
Chico Series, an orderly, persistent reflector group, characterizing Dobbins-
Guinda-Sites Formation, are undisturbed beneath the trace of the Black Butte
and Malton Faults. Disrupting this group is a high angle, west dipping fault
labeled the Burris Creek Fault with approximately an 800-foot throw. This
fault is repeated on strike in section shown on plate 15, 1n the eastern por-
tion of the record, block and shallow trust faults ramp off the basement
detachment below the Corning Dome.

ham Bridge to Black Butte Seismic Section (Plate 15). This section is along
an east-northeast oriented line paralleling the general area of the north shore
of Black Butte Lake and the North Fork of Stony Creek. This seismic section
crosses the Paskenta nose and the inferred position of the Black Butte Fault.

Basement (not shown) is deeper than 3 seconds (greater than 15,000 feet) in
this area. In the section plane, the basement dips sharply off to the west.
The dip is estimated to be greater than 20 degrees. Approximately 3,000 feet

51




of Shasta Series lies below the Horsetown group of reflectors.l/ The
seismic-geologic data interpreted in this section shows the Paskenta nose
rooted in a detachment plane lying above basement. The detachment rises in
section with the thrust refolding the recumbent upper plate and dragging the
lower plate. Originally, the upper plate fold was probably a nontectonic col-
lapse structure. The nose subsequently became part of the synclinal folding
of the valley edge, thrusted in continued crustal shortening and sheared along
the Paskenta wrench fault trend. Strong reflectors within the Julian Rocks
Formation correlate with higher acoustic impedance material found in wells and
outcrop. The contact between the Venado Formation and Horsetown group reflec-
tors is shown. It occurs in records as a dominant, coherent reflector. Very
clearly multiple reflectors in section and principal reflectors noted are not
offset or disturbed under the inferred position of the Black Butte Fault. The
Burris Creek Fault 1s present in section.

Stubin Bridge to Walker Creek Seismic Section (Plate 16). This section lies
along an east-west oriented line running along the southern sections of

T. 22 N. from R. 6 W. to R. 2 W, The line crosses the Sites anticline/
Paskenta nose, and the inferred positions of the Black Butte and the Malton
Faults.

Basement (not shown) is deeper than 3 seconds in this area (greater than
15,000 feet). The contact between the Upper Cretaceous and the Lower Creta-~
ceous Shasta Series lies in the lower portions of the record and is distin-
guished in well and reflector data by the distinctive conglomerate unit of
Julian Rocks. Again, the geologic-seismic data interpreted in this section
shows the Paskenta nose rooted in a detachment plane lying above basement.
The detachment illustrated as a thrust fault is folded, as is the recumbent
fold in the Aspilche shale (member of the Lodoga Formation). The syncline in
the west part of the record 1s the beginning of the Fruto Syncline. An unnamed
fault confined to bedrock exists east of Julian Rocks. Strong, coherent
reflectors in the Upper Cretaceous strata are not disrupted at the inferred
nosition of the Black Butte or Malton Faults.

Hayes-Burnell Seismic Section (Plate 17). This east-west line shows the seis—
mic section from Fruto to the Glenn—-Colusa canal north of Willows. The section
crosses the Fruto Syncline, Sites Anticline, and the inferred position of the
Willows and Malton Fault at bifurcation. The section continues on figure 2-16
and shows the onset of the Greenwood Anticline.

Basement varies from 8,500-foot depth in the eastern portion of the record to
about 15,000 feet at midsection (basement not shown). Basement appears to dip
off to the west, This line is of interest because it crossed the mapped posi-
tion of the Sites Anticline. The section is considerably south of the dam
near the limits of this study area. The Paskenta nose has apparently turned
into and merged with the Sites tectonic structure as shown in this seismic-

1/Horsetown group includes Clark Valley mudstone and Julian Rocks
congomerate.
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P geologic section. The Sites tectonic structure is interpreted as a slightly

ii recumbent, anticlinal fold cut by a thrust fault rooted at depth. The thrust
has a lystric surface originating from a basement detachment. Upper Cretaceous
Chico Series have no faults disturbing reflectors corresponding with the
inferred map position at depth of the Willows, Malton, or Corning Faults.

Sections were oriented approximately east-west and nearly perpendicular to the
structural grain. Several additional northeast oriented seismic reflection
profiles were also examined. Profiles were generally 4 to 15 miles long and
had good resolution to acoustic basement, generally at 3.0 seconds. They were
shot by o0il exploration or geophysical service companies. Four major tectonic
themes are indicated by the profiles and sections.

2.4,6 Analysis of Geophysical Data.

a. The western edge of the Great Valley Sequence near Black Butte Dam
displays several folded overthrusts which are rooted in the Upper Cretaceous
bedrock just above the acoustical basement (plates 14, 15, 16, and 17). The
largest overthrust in the study area appears to be associated with the Sites
anticline as an attendant listric fault (plate 17). This relationship
apparently persists south of the Black Butte study area also (Richard
Willingham, Ogle 0il Company and Carl Wentworth, USGS; personal communication
January 1985). 1In the study area, the overthrust block has traveled over the
Lower Cretaceous strata in excess of 1 mile. The primary zone of detachment
is not observed on the records. The Sites listric thrust does not continue
north to the reservoir but merges with the Paskenta structure. The Sites
thrust is absent from the Long Hollow section (plates 14 and 15).

b. Northeast and northwest-trending, high angle, normal and reverse
faults cut the folded Cretaceous bedrock near the valley edge but do not cut
the Lovejoy Basalt. The overlying Tehama Formation copies bedrock structure
as a draping pattern where the Tehama has a thin cover over the Cretaceous
bedrock. Northeast-trending faults are visible on the Ham Bridge and Hayes-
Burnell Geophysical Sections (plates 15 and 17).

c. A line of subsurface doubly plunging anticlines appears to mark the
western half of the north-central valley, The domes are gas traps, have maxi-
mum closure in the Upper Cretaceous strata, and sometimes, but not always,
work upward into the base of the Tehama Formation (figure 2-10). The posi-~
tioning of the domes has been discussed in the general literature and specu-
lated to be linked to the deep seated structure identified by Oliver and
Griscom (1980) as the Great Valley Gravity High, Oliver and Griscom explain
the gravity high as possibly a tectonically emplaced fragment of oceanic
crust. However, they do not discuss the domes. Others have expanded the
concept using the proximity of domes near the gravity high to yield evidence
for a high angle reverse fault that steps out of the tectonic basement. Using
this fault mechanism, the folds result from drag on the reverse slip of the
east block. Two other possible causes for the domes are explained below.
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(1) Primary Folding with Secondary Reverse Faulting Model. This model
of deformation is developed as the primary response of thimskin layered com-
petent rock to general compression. As shown on figure 2-16, the folding may
have been facilitated by localized or shallow detachment within the supra-
basement. In this model, dipping reverse faults that flank the fold were
formed during the late stages of fold development and are secondary to the
fold structure. Sections shown in the domes on the Long hollow and Hayes
Burnell lines indicate this mechanism to be the most probable cause of the
domes and faults (plate 14 and figure 2-16).

(2) Primary Reverse Faulting and Secondary Folding Model. The
spatial distribution and geometry of the same folds can also be used to infer
the presence of major reverse faults that are the controlling structures in
fold development. Bentley (1977) proposed that the Yakima folds in the State
of Washington are faulted monoclines that are localized above zones of high-
angle faults that extend from the basement. He terms this phenomenon "base-
ment jacking.” Laubscher (1977) suggests that such folds are narrow struc-
tures developed on broader warps. From this, he infers the presence of
multiple decollements in the deeper basement and suggests that the broad warps
were localized by thrust ramps rising from a deep (approximately 20 km)
regional decollement and that the narrow folds formed above a shallow (1- to
3-km deep) decollement. A geometric analysis of Greenwood and Corning anti-
clines, based on a fault ramp-flexure model (Bruhn, 1979), suggests that the
presence of fault ramps below the study area folds would extend to decolle-
ments at preferred depths of 10 to 12 km. The presence of crest, fan, and
hinge set faults indicate the possibility of basement jacking as the under-
lying cause of these folds. However, deep decollement planes cannot be seen
on the records.

No major concealed north-trending, high angle reverse faults can be inter-
preted from our analysis of the deep seismic records. In the records examined,
the pattern of doming does not suggest drag folding. As shown on figure 2-16,
an adequate explanation is found in horizontal shortening already visible in
the area. Instead of an overthrust block rooted in the lower infrastructure,
the domes are a result of detachment jacking of the shallow basement. An
explanation of folding due to transpressive fold-thrust welt development need
not be considered due to lack of a major northeast wrench zone (see transpres-
sion in glossary).

d. The Paskenta Fault trend is interpreted through profiles and section
to continue into the Black Butte area and merge with the Sites anticline. 1In
Cretaceous strata, fold deformation becomes more dramatic in the area of
Kirby's Paskenta nose., The causitive mechanism suggested for this is a tear
in the overthrust block connecting the Sites decollement with the Paskenta
translational fault zone. Profiles on plates 15 and 16 show the squeezed
nature of the Paskenta nose., This is a three-dimensional fold with left-
lateral slip accounting for horizontal drag to folding as demonstrated on map
on plate 15.
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e. The suspected Black Butte Fault cannot be found in the two reflection
sections that cross its suspected position at Black Butte Dam. Little evidence
for the Malton or Corning Fault exists that supports them as major concealed
features. No northwest continuation of the Willows Fault was found and no
major tectonic structure was found to cut the Sites decollement. Topographic
profiles shown on plate 18 lie across the suspected location of the Malton and
Corning Faults. As indicated by broken elevation profile on this plate, the
Corning Fault area has indications of possibly reversed or oversteepened
drainage.

2.5 Summary of Structural Relationships. Analysis and study of Black Butte
regional geology and structure indicates the upturned western edge of the
northern Sacramento Valley resulted from past crustal shortening. Within the
study area listric faulting is responsible for thickening the Upper Cretaceous
(Chico) section lying east of Julian Rocks between Nye Canyon and the North
Fork of Stony Creek. The high-angle thrust daylighting along the axis of the
Sites Anticline is the expression of one such listric surface. Thickening of
the Chico seems to be limited along the north by the Paskenta nose structure
of Kirby. As such, the Paskenta nose marks a continuation of the upper plate
tear identified as the Paskenta fault zone at the Stony Creek fault junction.
We believe that this zone dies as it merges into the Sites anticlinal struc-
ture much as a bedding fault dies.

All Cretaceous strata are strongly folded; however, there is much less folding
in Tertiary strata. The Lovejoy Basalt has only a slight eastern dip and the
Tehama Formation is essentially flat-lying. Northwest and northeast-trending,
high angle normal faulting began along the western edge of the valley sometime
during the time of the Lower Princeton Valley. This faulting was short lived
because it does not seem to invade Lovejoy Basalt or Tehama Formation strata.
No evidence to support the existence of a north or northwest-branching fault
system was found. Faulting is present at Willows along and throughout the
Willows Anticline.

The existence of the Black Butte Fault cannot be supported. No surface or
subsurface geologic relationships support the proposed fault. A Quaternary
stream terrace system dissecting the surface of the Tehama Formation serves to
define morphostratigraphic units that lie across all existing and suspected
fauits. No evidence that these units were disrupted or disturbed could be
found. With the exception of the Corning Anticline that indicates some recent
doming, the present land surface is not deformed by any suspected or known
faults. The existence of the Malton and Corning Faults could not be confirmed
by surface or subsurface exploration. Rather, in the case of the Corning
Fault, this study concludes the subsurface and near surface disruption of the
strata 1s probably better explained by anastomising fan sets; minor faults
resulted from primary folding of the Greenwood and Cornirg domes with develop-
ment of secondary reverse faulting. No thrcugh-going regional structure cuts
across the Sites-Paskenta trend.

Post~Tehama time has been marked by relative geologic stability. An excellent
set of Quaternary terraces, 0.5 million years old or younger, lie across all
of the above principal tectonic expressions. No evidence for continuing fault
activity can be found in the Black Butte area more recent than 0.5 million

years ago.
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SECTION 3. TECTONICS

3.1 Tectonic Setting and History. A summary of the regional setting through
Mesozolic and Cenozoic evolution follows. Each of the five informal provinces
that are discussed in the regional setting of the project area has a different
tectonic history. The major structural features in three of the provinces,
the Klamath Mountains, Great Valley, and Sierra Nevada, were largely developed
by the end of Mesozoic time some 70 million years ago, and have changed rela-
tively little since then. Many of the Cenozoic features of the Great Valley
and Sierra Nevada provinces appear to represent relatively small scale adjust-—
ments to changing stress fields that have been localized along major Mesozoic
structures and have propagated upward into the overlying late Cenozoic section
in increasingly smaller increments. The Cascade province has been largely
developed in late Cenozoic time through a combination of basinand range-type
extensional tectonism and Cascade volcanism. The northern Coast Ranges
province has developed through nearly continuous periods of activity since
mid-Mesozoic time. This activity is associated with the evolution of the
continental margin.

In terms of the contemporary plate tectonics setting, the northern Sacramento
Valley lies considerably inland of, but opposite, the northermost part of the
San Andreas transform boundary between the Paclfic, Gorda, and North American
crustal plates. This is the Mendocino triple junction. The region immediately
inland from the sharp westward bend in the San Andreas Fault is an area of
concentrated stress marked by frequent earthquakes. Despite the westward turn
of the San Andreas Fault some of the regime of right-lateral shear that exists
in the northern Coast Ranges continues along trend as the Lake Mountain-Mad
River Fault zone. This active zone intersects the coastline in the vicinity
of Trinidad Head, north of Eureka, and continues for some distance offshore.
As suggested by Herd (1978), it continues toward the alined and similarly
oriented Blanco fracture zone,

North of the Mendocino triple junction the offshore Gorda Plate underthrusts
the North American Plate beneath the present continental margin. The under-—
thrust plate dips shallowly eastward beneath the present continental shelf and
the coastal region north of Cape Mendocino. A highly seismic zone that exists
between about 15 and 30 km in depth, beneath the lower Eel River Valley, is
thought to be localized within the Gorda Plate. The south edge of the plate
is interpreted from gravity evidence as extending beneath the northern Coast
Ranges along a southeasterly trend from the vicinity of Cape Mendocino,
approximately toward Lake Pillsbury. 1Two zones of active tectonism exist
within the provinces bordering the northern Great Valley. One of these is the
zone of right-lateral shear within the northern Coast Ranges that lies adja-
cent to the San Andreas Fault. This zone represents a wide mobile belt of
continuing deformation along the transform boundary between the North American
and Pacific crustal plates. The Maacama Fault is one such member. The second
zone is the region of generally east-west crustal extension corresponding to
the Basin and Range province and overlapping the southern Cascade Range
province.
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lhe present structural form of the northern Sacramento Valley is that of an
asymmetric synclinorium, with a deep keel of Lower Cretaceous and Jurassic
rocks beneath its western margin., Under the central part of the valley an
uverlapping section of Upper Cretaceous strata extends eastward from the core
ot the trough of older rocks directly across a platform of crystalline base-
ment, probably oceanic crust. The overlap seems to wedge out northward over
the Klamati Hountains and eastward over Sierran rocks. The strike of bedding
in the unwarped Great Valley Sequence rocks generally parallels the valley
margin. Thus, the Upper Cretaceous rocks define a shallow south-plunging
basin underlying the northern valley area. The configuration of the subsur-
face of the deep keel of Lower Cretaceous strata benmeath the west side of the
valley was ascertained by geophysical analysis. The east flank of the west
side trough has geophysical expression as the steep, linear magnetic and
gravity gradients that extend up the axis of the Sacramento Valley, forming
the west flank of the Great Valley magnetic and gravity highs. The gradient
reflects a basement dicontinuity resulting from juxtapositioning of crust of
contrasting magnetic character and density. There are two contrasting
interpretations.

Une view is that the east flank of the west side trough is faulted against the
basement providing the existence of a series of east-up faults extending upward
through the Upper Cretaceous section in a zone that closely matches the center
of the magnetic and gravity gradient (Harwood and helley, 1982).

Another view sees a continuous basement surface dipping southwestward about
40 degrees to a depth of 15 km under the Coast Ranges. An eastward thinning
wedge of Franciscan rock is defined between the basement and the overlying
Great Valley sequence. Farther east the Great Valley Sequence is placed
directly on the same mafic basement. Thus the Franciscan was emplaced in
wedgelike fashion by assemblage thrusting northeastward beneath the Great
Valley (Wentworth, Walter, Bartow, and Zoback, 1984). This view has gained
widespread interest since 1983 and the Coalinga earthquakes. Postulated
tectonic mechanism for Coalinga indicates wedge thrusting is active in the
southern Great Valley.

Finally, several centers of persistent seismic activity that occur at unusually
great depths for central California (15 to 40 km) exist in locations that would
be down dip along the inferred zone of basement underthrusting (subduction),
thrusting (wedge theory), or faulting (reverse faulting theory).

The Great Valley magnetic and gravity high terminates northward rather abruptly
at about the latitude of the town of Red Bluff, and the matching wvest side
magnetic and gravity low turns sharply east across the valley trend. Griscom
(1973) interprets the alinement of the magnetic gradient that terminates the
valley highs as representing a basement fault (possibly corresponding with the
Red Bluff fault shown on proprietary seismic reflection data (HMT, 1982, 1983).
Concepts such as the Sierran—Klamath block of Page (1966), connecting lower
Paleozoic oceanic assemblages between the Klamath-Trinity central metamorphic
belt and ultramafic sheet and the Sierran equivalents (Shoofly Formation) or
the trench~rift-transform triple junction of Blake and Jones (1Y81) would
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define the magnetic trend as well. (See discussions of Blake and Jones or
Schweickert and Snyder in Ruby Volume, 1981.)

In the Great Valley, from the vicinity of Corning southward, the topography
and stratigraphy from the Pliocene nonmarine to the oldest Jurassic marine
sediments, show the valley as being in a condition of long-term structural
depression. It has been only since the Tuscan-Tehama deposition (3.5 million
years ago) that the valley has changed posture. Small compressional features
still exist from late-Cenozoic time, such as the doubly-plunging, dome-like
folds and the Chico Monocline. However, these features can be traced from
active tectonics diminishing between 15.6 (Lovejoy) to 3.2 milliomn years ago
(Tehama). Valley-down tectonics (east-west extension?) is displayed on ENE-
alined faults on the northern margin, along the west valley margin at Stony
Creek, and some small breaks along the Chico Monocline. Structural deforma-
tion continued in this mode until 2,3 million years ago. Since that time,
only minor tectonics are documented by structures such as the Red Bluff arch
or Corning Domes, which are the youngest structural features in the valley,
indicating upwarping at 250,000 years ago or later (harlan Miller Tate, 1983).
Some indications of valley margin deformation at Stony Creek between 125,000
to about 30,000 years ago (ESA, 1980) exist also, and tectonic movement 1is
indicated by the 1975 Oroville earthquake along the Cleveland Hill fault.

This geology and seismology on the whole seems to indicate north-south compres-
sion, east-west extension.

3.2 Contemporary Tectonic Model.

3.2.1 General. No consensus exists on the specific geotectonic forces affec-
ting the Great Valley. Prior sections describe geologic evidence regarding
state of stress and plate-tectonic setting. Figure 3-1 is a tectonic model
which best fits the observations of this study in the Black Butte area.

3.2.2 Regional Stress Patterns. Farthquake focal mechanism and in-situ
stress measurements provide a useful check on geologic observations. Well
constrained fault-plane solutions and stress measurements are available in a
publication by Zoback and Zoback (1980) for the western United States. Less
well constrained data is sparsely available for the Great Valley and northern
California in the fragmented references., Table 3-1 below summarizes contem-
porary stress.

Focal mechanisms of earthquakes associated with both the 1975 Oroville events
east of the valley and 1978 Alder Springs events west of the valley show normal
displacements along north-northwest oriented faults. Therefore, general stress
in the valley is interpreted to be general north-south compression and east-
west extension,
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TABLE 3-1

SUMMARY OF CONTEMPORARY STRESS

Maximum
Stress
Province Axis
San Andreas N/NNE
Coast Ranges N/NNE
Sierra Nevada NNE
Basin and Range Vertical
Cascade Vertical
Miller Tate (1982)
Great Valley NNE
Margin N7 5E
Interior NNE

*.Zoback and woback

Intermediate
Stress Axis

Vertical

Vertical

Vertical

NNE

NNE

NNW

N15W

6V

Minimum
W/WNW
W/WNW
WNW

WNW

WNW
Vertical
Vertical

Vertical

Data

Strong
Seismologic
Seismologic

Geologic
Strong
Geologic
Seismologic
Geologic

Weak
Seismologic
Geologic

Geologic
Seismologic

Source
2&2% (1980)

Bolt (1967)
ESA (1980)

z&z* (1980)
ZsZ* (1980)

Harlan

Lomnitz &
Bolt (1967)
Bolt et al
(1968)

ESA (1980)
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SECTION 4, SEISMOLOGY

4.1 Seismologic Setting. The northern Coast Ranges have a history of active
faults and earthquakes., 1he Great Valley and Sierra Nevada is marked by rela-
tive quiescence. The distribution of epicenters is shown on plate 4. Macro-
seismicity (events greater than magnitude 3.5) is presented on figure 4-1. A
lack of seismicity near the project is apparent; the nearest event is approx-
imately 21 km distant. Plate 4 shows the distribution of all earthquakes
listed in appendix A and the distribution of only those earthquakes which are
believed to have occurred at depths greater than 12 km. A very low level of
microseismicity is noted near the project.

A catalog of earthquakes for the region bounded by north latitudes 39000'

and 40045' and by west longitudes 121015' and 123030' is presented as
appendix A. The catalog, compiled from three sources, has had obvious dupli-
cation removed and has been scrutinized for accuracy only for events greater
than magnitude 3.5. The following sources were used:

o Corps of Engineers Pacific Northwest Catalog. This is a multisource
based catalog for the period 1853 through 1980, north of latitude 37000',

o California Department of Water Resources. This is a catalog of events
recorded by that agency since 19/5 from an extensive instrument array. This
includes an eight-instrument array installed around Glenn County during the
period June 1981 through February 1985. Also contained in this catalog are a
limited number of relocated (University of California, Berkeley) events cover-
ing the period 1903 through 1973.

o National Oceanic and Atmospheric Administration. A catalog of macro-
seismicity covering the period 1877 through early 1Y83.

Large events have occurred in the regional history. The largest events to
affect the site of the dam are the 1903 Willows event at intensity (MM) VI and
the 190b San Andreas event at felt intensity (MM) V. The accuracy and loca-
tions of the reported earthquake effects vary according to the population den-
sity in the felt area and the historic period pre-1900, preinstrumental period
(1901 to 1949), and instrumental data base. Structural features, as under-
stood, presently mirror patterns of microseismicity and some isolated macro-
seismic trends. However, close examination of the uncertainty in seismic
location and depth, net bias, and lack of tectonic understanding weaken cor-
respondence between seismicity, structure, and location as constituting cause.
The one exception is the San Andreas fault,

4,2 Microzonation.

4.2.1 Northern Coast Ranges. Seismic activity in the northeastern part of
this province defines two northwest-trending alinements, which correspond
generally to the Maacama and Mad River-Lake Mountain fault trends, and a
north-northwest-trending alinement that includes the Alder Springs earthquake
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sequence of 1978. A fourth, north-northeast trend, parallels and is nearly
coincident with the Coast Range Thrust-Stony Creek Fault boundary.

Both the surface expression of faulting along the Maacama and the Mad River
Lake Mountain trends and the few focal mechanisms that have been determined
for earthquakes along them are suggestive of right—lateral, strike-slip fault-
ing. Nearly all events along these trends are shallow, with focal depths
typically being 6 km or less. ‘Lhe largest earthquakes recorded from this
region are the 5.6~ and 5.7-magnitude main shocks of the 1969 Santa Rosa
earthquake sequence and, probably, the 1898 Mare Island earthquake, estimated
to have been of about ¢ magnitude (Toppozada and others, 1981). ESA (1982)
has previously estimated a maximum credible earthquake (MCE) value of 6-3/4
for the Maacama fault zone. Instrumental earthquake lists show that the adja-
cent region along the eastern foothills of the Coast Ranges is one of low
seismicity but earthquakes occur on a regular basis (Bolt, 1982).

The north-northwest trend of epicenters that is centered at about 39040'N.,
122045'W., includes the Alder Springs sequence studied by ESA in 1980. This
trend, although also involving shallow events, differs from the two described
above in not being associated with any extensive fault trend thus far recog-
nized. First motion solutions determined by S.W. Smith for the 1980 ESA
(stated in Harlan Miller Tate, 1983) study indicated normal movement along
northwest-alined faults for the source mechanism. The largest events recorded
from this area are in the 3.5- to 4.0-magnitude range.

West of the region, the northern Coast Ranges are bordered on the west by the
San Andreas fault, having recognized capability for generating an earthquake
of 8.3 magnitude.

4,2.2 Klamath Mountains. The level of seismicity in the southern Klamath
Mountains is generally low. Magnitudes seldom exceed 5.

4.2.3 Northern Sierra Nevada. The seismicity of the interior Sierra Nevada
province, occurring mainly in proximity to the northerly part of the Melones
Fault and the Magalia-Cohossett Ridge Fault, might be due to instrumental and
recent historic bias. A diffuse seismicity probably occurs across the Sierras.
Magnitudes of 3.0 to 4.0 (M1l) are scattered through the Sierran foothills.
Larger magnitudes (6-1/2) occur to the north; however, they are far from the
study area and only as close as the northern Sierran boundary.

4.2.4 Sacramento Valley.

a. Western Margin of the Northern Sacramento Valley. This section is the
area near the Coast Range Thrust and the area approximately parallel to the
Stony Creek Fault.

Two earthquakes of about 4.5 magnitude have occurred near the Coast Range
Thrust-Stony Creek Fault during the past 80 years, and a seemingly well defined
alinement of epicenters of small, shallow earthquakes occurs paralleling and
lying a few kilometers west of these fault trends. Siance the Coast Range
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Thrust has a moderate eastward dip and is probably cut off at depth by the
younger Stony Creek Fault, it is unlikely that these earthquakes originate on
the thrust.

One sequence of shallow earthquakes, ranging up to nearly magnitude 5, was
recorded by the USGS at a location somewhat east of the Stony Creek Fault and
directly on the trace of the Elder Creek Fault. The Elder Creek Fault has not
otherwise been identified as active. Alternatively, the sequence may have
been centered on the Stony Creek Fault near its intersection with the zones of
fracturing along the Elder Creek and Paskenta Faults. The Paskenta Fault zone
appears free of seismicity.

b. Eastern Margin of the Northern Sacramento Valley. Four centers of
seismic activity exist between the vicinities of Oroville and Red Bluff, along
the eastern margin of the northern Sacramento Valley. The Oroville earthquake
sequence began on August 1, 1975, with shocks up to 5.7 magnitude. Since then
activity has diminished with decreasing frequency. It is the southernmost
such center. Earthquakes of this sequence were accompanied by cracking and a
few centimeters of differential movement at the surface along the trace of the
Cleveland Hill Fault, a seemingly minor structural feature that had hardly
been recognized prior to the earthquakes. Marks and Lindh (1978) showed that
the foci of shocks of this sequence defined a plane striking north-northwest
and dipping 60 degrees west. The shocks originated at depths ranging from the
surface down to about 18 kilometers, and exhibited first motions indicating a
west-down normal fault mechanism. Activity in this area now extends over a
distance of about 25 km, centered approximately at Lake Oroville (Marks and
Lindn, 1978; Lester, et al., 1975).

A second center of seismic activity is located near Chico, a few kilometers
south of the southernmost surface expression of the Chico Monocline. Two
earthquakes of magnitude 4+ were recorded in this area prior to 1981, and the
plot for 1981-1982 shows 10 small shocks there. The latter events occurred at
depths between 2 and 25 km and were mostly below 17 km. The distribution of
hypocenters is suggestive of a moderately west-dipping fault as a source
structure with a zone of activity extending about 20 km along a north-north-
westerly strike (Bolt, 1968).

The third zone of seismic activity is defined by a scattering of small earth-
quakes along the trend of the Chico Monocline. Although there is one shallow-
focus shock in this series, most of the events occurred between depths of about
20 and 25 km, The proximity of the epicenters of these events to the surface
trace of the Chico Monocline suggests that they originated along the underlying
fault in the basement, and further, that the fault 1s essentially vertical and
extends deep into the crust.

A fourth area of seismic activity exists northeast of Red Bluff, and is mostly
between the northeast end of the Red Bluff Fault and the Battle Creek Fault.
This seismicity is represented by seven small shocks in the 1981-1982 USGS
data set and by a 4.3 magnitude event that occurred in 1968, Focal depths
range from shallow to more than 20 km.
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c. Interior of the Northern Sacramento Valley. Seismicity within the
interior of the northern Sacramento Valley is represented by a few scattered
small events and by two well-defined, persistent clusters of activity. The
epicenter clusters are located near the settlements of Hamilton City and Glennm.
The rortherly cluster at Hamilton City area is several miles southeast of the
south end of the Corning domes as it is defined by the Upper Cretaceous in the
subsurface, and the southerly one near Glenn is east of the northern part of
the Willows fault. Most of the events in both groups have focal depths between
17 and 35 km, although a few shallow focus events are included with the
southerly cluster.

nSA studied the Willows earthquake of 1903 and earthquakes near Glenn during
their 1960 study for Glenn Reservoir Complex. For a series of five earth-
yuakes of magnitude 3.0 to 3.Y, reported as occurring along a northwest aline-
ment a few miles east of the town of Willows, and two magnitude 4.0 to 4.9
shocks about 10 miles east of Willows, upon resolution and relocation of the
events ESA found the northwest trend near Glenn to be unfounded. Although the
northwest alinement is not confirmed by ESA relocation of the events, new
locations remain very close to the Willows Fault trace as known in the
subsurface.

4.2.5 Depth Distribution. A few scattered earthquakes in the region,
generally between the northwest margin of the Sacramento Valley and Cape
Mendocino, have focal depths in the range of 40 to 50 km. These events may be
associated with the southerly part of the underthrust Gorda plate. North of
Cape Mendocino and beneath the Eel River basin, a well defined, gently east-
dipping zone of seismic activity that exists between depths of about 18 and 30
km is interpreted as occurring along conjugate sets of steeply inclined frac-
tures within this lithospheric plate (Smith, 1978). The scattered deep events
located farther east and southeast of this region may result from isolated
fallures within the same plate at a greater depth beneath the overriding North
American plate. The shallow events occurring at depth of 17 to 35 km in the
interior valley are very often discussed in conjunction with down~dip expres-
vions of suspected faults (referred to in prior paragraphs). As a whole, this
study concludes that the seismic reflection data in the interior valley does
not support the existence of east-dipping, reverse high angle faults in the
basement nor do they favor reverse faults ramping from deepest basement struc-
tures. Scattered seismicity of the interior valley remains unexplained.

4,3 Recurrence Intervals. The recurrence level of different magnitudes in a
yiven time span and area is useful to engineering design. The design project
life is about 100 years. Bolt (1982) feels, and we concur, that it is an
academic exercise of little value to attempt an assessment of earthquake fre-
quency distribution for the 100-year historic record in Glenn County. None-
theless an estimate can be made based on the historic record for northern
California. One or more San Andreas events should be experienced per 100
years as a source outside the project area. Similarly, based on observations
in areas of known faulting away from the San Andreas, "earthquakes with M; =
5~1/2 are perhaps the largest probable in 50~ to 100-year periods for northern
California.” (Bolt, 1982)
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If the Willows earthquake of 1903 is representative of such a magnitude and

recurrence, then magnitude 5.5 is appropriate for the project life taken at
So the maximum probable earthquake

any selsmogenic source near the project.
for the Willows or Stony Creek Faults would be My = 5-1/2 or for the Oroville
margin about My = 5-3/4 (small incremental addition due to increased activity

in the foothills).
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SECTION 5, SELECTION OF THE SOURCE AREAS 1

5.1 Earthquake Potential. Prior to this study, the Sacramento District was
provided a report on earthquake potential (Bolt, 1982). The earthquake sources
of the region are essentially unchanged from those reported by Bolt (1982)
except in minor detail. With exception of that detail, the following summar-
izes Bolt's report. The San Andreas 1906 event and the Willows 1903 event are
the two chief historic earthquakes to affect the site. All faults near the
Black Butte study area are pre-Quaternary in age. Varilous independently
authored studies of various exposures along the Coast Range Thrust disclose no
evidence of recent tectonic activity since Pliocene time. Bolt (1982) left
open the question of activity on faults near the dam for a conservative
approach. This study closes that question by showing that the Black Butte
Fault and the continuity of the reported Willows Fault system does not exist.

_——

PP - S,

The uncertainties regarding unmapped, north-trending faults branching from the
Willows Fault south of the study area have now been sufficiently investigated
to clarify and resolve the question. Three major studies, California Water
Resources (1982), Harlan Miller Tate (1983, 1984b) and the present study con-
clude that there is insufficient evidence to support the concept of Harwood
and Helley in Open File Report 82-737 proposing the Willows Fault system. The
Willows Fault and faulted anticlines do exist in the interior valley; however,
they are not connected. The question of age of deformation exists, Mid-
Tehama deformation is demonstrable in seismic reflection data (2 million years

3 ago) on the midvalley anticlines, yet the nature and extent of the
0.5-million-year-old deformed Red Bluff material on the Corning dome is
questionable. Using Marks and Lindh (1980) or any other plot of earthquakes
to associate micro or macroseismicity with these structures would be trifling
if not misleading.

In light of the most probable structural connection to the Sites anticline,
the Paskenta Fault zone and Paskenta nose are striking structural features.
The Paskenta nose can be followed 10 miles from where it emerges from the Sites
detachment to Tehama Formation cover. On trend, the Paskenta Fault zone can
be followed 10 miles on the ground until it merges into the Stony Creek Fault.
The Paskenta Fault is capped in many places by pre-Pliocene sediments, pre-
tiiocene pyroclastics and the Tehama Formation. Some clustering of micro-
seismicity exists near Paskenta, but Bolt (1982) concludes the evidence is not
sufficient to indicate capability. The Paskenta nose and the Sites anticline/
fault do not disturb the Tehama Formation or the extensive Quaternary terrace
system across it.

For the Stony Creek Fault, ESA (1980) concluded that the lack of Holocene dis-
placement makes that fault an unlikely source of significant earthquakes.
Nonetheless, the last major reactivation at 200,000 to 300,000 years ago and a
minor episode 30,000 years ago is documented with minor offset in terrace

strata. Although unlikely, it is considered a close, capable structure.
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Finally, as Bolt states, "two faults to the west of the Coast Range Thrust
imust be considered since there is no question that either could be the focus
of major earthquakes.” The first is the Maacama fault located about 95 km to
the west of Black Butte Dam. This fault has been identified recently by Bolt
as a major strike-slip feature with a length of approximately 120 km. Field
study of displacements along the Maacama Fault has established its activity in
Holocene time and studies of regional strain and seismicity suggest that a
significant earthquake might occur on this fault in the lifetime of a modern
engineering project nearby. Further to the west, the San Andreas fault is
encountered at a distance of 140 km from Black Butte Dam, Bolt feels it is
necessary therefore to consider the possibility of a repetition of the 1906
earthquake on the San Andreas fault so far as shaking at Black Butte Dam is
concerned.

Bolt's report, circa 1982, if written in 1985, possibly would be different.
One new development that might be addressed is the impact of the Coalinga 1983
and Kettleman Hills 1985 events on how geotectonics are viewed in the Great
Valley. The presence of a magnitude 6.7 (Coalinga) event some 35 km away from
the San Andreas has caused some to rethink GV tectonics. Appendix D contains
in greater detail the position this study has adopted regarding the impact of
the Coalinga and Kettleman Hills events on valley edge tectonics. The fol-
lowing summarizes appendix D. Although tectonic wedges might reasonably exist
in some fashion along northern California valley edge areas, as they seem to
do in southern California near Coalinga, they are not presently proved to
exist nor is there reason to believe that crustal strain existing at Coalinga
exists at Black Butte. On the whole, the major structures present at Coalinga
and Kettleman Hills that complement the mechanism for the earthquakes are as
foilows:

a. Fold belts in proximity to the San Andreas fault.
b. Folds that have orientation sympathetic to shear transfer from the SA.
c. Folds that show en echelon segmentation and have regional extent.

d. Deformation related to folds on young geomorphic surfaces.

e. Subsurface northeastward-directed thrust that invades eastward-directed
wedges and end in roof structure such as folds,

f. Reverse faults emanating from basement that are associated with growing
folds and localize position of overthrust plate.

g. Seismogenic activity in the fold area.

The table below compares this list of what is found at Coalinga with what is
present at Black Butte (see appendix D for detail).
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TABLE 5-1

FOLD BELT COMPARISON

Structure/Mechanics Coalinga Area Black Butte Area

Fold belt proximity to San Andreas 35 km 140 km

Fold orientation compared to San N6Oow North-South

Andreas (N4Ooy)

En echelon folds? Yes Possibly yes
- regional extent 100 km 60 km

Youngest surface deformed related 2,000 y.b.p. 500,000 y.b.p.

to folds

Lastward directed thrust invading Present Absent

eastward directed wedges

Reverse faults associated with folds Present Questionable
and emanating from basement

Seismogenic activity Present Absent

In Coalinga there are 2,000-year-old stream terraces undergoing deformation.
At Black Butte, major stream terrace systems extending throughout the 40-km
study radius (centered on the dam) were examined in detail and found to show
no tectonic deformation for the last 200,000 years. The only deformation found
is at least 500,000 years old and lies 20 or more km away from the dam. Very
strong confidence can be had in the resolution of the three-dimensional sub~-
surface within a 10-km radius of the dam. No capable structure was found
within this zone. Nonetheless, two seismogenic sources, one at Stony Creek
Fault and one at Corning Dome, will be considered, and these sources can be
visualized as related to wedge tectonics 1f desired.

Bolt (1982) feels there should be mention of possible earthquakes generated
because of crustal loading by water impounded in the reservoir. However, he
concludes "the amount of elastic energy added to the system by the reservoir
loading is insigaificant for earthquakes of engineering consequence.” Experi-
ence with crustal loading from small lakes (such as Black Butte) vindicate
this stand.

finally, there has been no evidence whatsoever of induced earthquakes associ-
ated with Black Butte reservoir during its life since 1963. Especially signi-
ficant is the fact that the California DWR monitoring for the past 4 years
(1978 through 1982) has shown no microearthquakes in the reservoir area. by
comparison with various case histories, a dam height of 140 feet is grouped
with dams of low significance for induced seismicity.

5.2 Eftfective Seismic Sources. Table 5-2 below is the result of the study
identifying major faults and structure that could possibly be seismogenic.
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TABLE 5-2

SEISMIC SOURCES FOR BLACK BUTTE DAM

Activity
During
Distance Structural Project Recurrence of
Name to Dam Mechanism Length Life? Faulting

Stony Creek fault 27 km Dip-slip 100 km No 30,000 years ago
Willows fault 25 km Dip-slip 60 km Yes Assume Holocene
Maacama fault 95 km  Strike-slip 120 km Yes Holocene
San Andreas fault 140 km Strike-slip 1000 km Yes Holocene
Great Valley 20 km Thrust 60 km No 500,000 years

anticlines ago
Cleveland Hill

fault 63 km Normal-slip 3 km Yes Holocene

5.3 Tectonic Blocks., Based on the tectonic model developed in prior sections
and figures, we assign the magnitude of events to zones described in table 5-3
below.

TABLE 5-3

MAGNITUDES BY ZONES

Block Distance to Dam Magnitude
Sierra Nevada 40 km 6.0
Eastern Coast Ranges 20 km 6.0
Western Coast Ranges 140 km 8.3
Northern Sacramento Valley 20 km 5.5

5.4 Earthquake Source Area. For purposes of design, we follow the technique
that the event and source must be localized on a candidate structure. For the
western Coast Ranges the overwhelming choice is the San Andreas Fault. For
the northern Sacramento Valley and Black Butte Dam, the matter becomes more
obscure. The magnitude of the event can be empirically linked to the length
of rupture along a candidate fault or the area of fault plane and stress drop.
Empirical approaches such as Slemmons' (1977) curveu and/or Randall (1973),
Kanamori, et al. (1975), and Gibowlicz (1973) are useful for estimation.
Another obscurity is the matter of tectonic folds existing without a clear,
causative fault. Here our magnitude is based on tabulation of limited data
and our recent experience. Our premise is that the size of the fold, as
indicated by dimensions, wave length, and maximum closure can be useful in
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identifying magnitude potential. We believe, in this case, that aagnitude
potential as indicated by strain/stress accumulation is proportional to
elastic energy stored in the deforming plane fold body underlying.

Table 5-4 below, while not exhaustive, serves to suggest credible limits in
competent, layered, folded rock by comparing the Corning-Greenwood area with
the two other known areas of folded structu.e that have earthquake history.

Two magnitudes are listed under "Mechanism” on table 5-4. For reverse fault-
ing secondary to folding (2), the maximum stress plane down-dip width is prob-
ably no greater than the width of the fold (or wave length). Small surface
areas result for the plane of stress accumulation and, if it is seismogenic,
only moderate magnitudes are possible. 1f folding is secondary to faulting
(1), then deeper reverse fault planes are involved. The downdip fault length
may vary from 7 km (the immediate basement level) to 14 km (the depth of focus
for some deeper interior valley events). Fault length in both cases will be
limited to the surface length of fold segments (along axis of complete
closure). The deepest events in the interior valley are very few and are most
probably related to plate tectonics. In summary, a magnitude 6.3 is the maxi-
mun conservative, credible event possible on the Greenwood or Corning anti-
clines. This is based on the upper uncertainty added to the calculated value
for mechanism (1) of table 5-4.

TABLE 5-4

EARTHQUAKE POTENTIAL FROM FOLDS

Historic Segmented Length of

Maximum Length Closure (1) Mechanism* (2)
Columbia River 5.3 20 km 850 m My, = 5.5 (+.5) M, =5.1 (+.6)
Basalts~Umtanum/
Gable Mtn
Kettleman Hills/ 6.7 35 km 1980 m M, = 6.7 (£.3) M, = 5.4 (+.4)
Coalinga Anticline
Corning~Greenwood None 21 km 300 m M, = 5.8 (:,5) M, = 5.4 (+.6)

Done

*Mechanism is either (1) primary reverse faulting with secondary folding or
(2) primary folding with secondary reverse faulting. My 1g obtained by
Randall's relationship for 1-10 bar stress drop on a plane area representing
the zone of accumulation of stress underlying the folding strata. Randall's
(1973) relationship converts effective radius of the stressed plate to M, st
a given stress drop of 10 bars. Figure 5~1 shows this relationship.
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SECTION 6. MAXIMUM EARTHQUAKE

Finally we are in a position to recommend the selecticn of a maximum earth-
quake and a source for it. Table 6-1 below shows the candidaie structures and
gives estimates of their maximum magnitude and distance to the dam from the
source,

TABLE 6-1

MAXIMUM EARTHQUAKE MAGNITUDES
FOR BLACK BUTTE DAM

Distance Maximum
Source Earthquake Source of
Structure Site (ML) Province Estimate
Stony Creek Fault 1/ 27 km 6.5 Border Bolt, 1982
Coast Ranges/
Interior
Valley
Willows Fault 25 km 6.25 lnterior Bolt, 1982
Valley
Great Valley Anticlines 2U km 6.3 Interior This report
Valley
Maacama Fault 95 km 7.0 Coast Bolt, 1982
Ranges
San Andreas Fault 140 km 8.3 San Andreas Bolt, 1982
Cileveland Hill Fault 63 km 6.5 Sierra USBR Auburn
Nevada Dam Studies

1/As shown on the table, Stony Creek Fault poses the most significant hazard
to the dam.

The data presented in table 6-1 results from a very conservative approach dur-
ing the preceding steps. For example, the offset morphostratigraphic surface
at Stony Creek Fault has questionable elements, and has 30,000 to 35,000 years
age. It is at the limit of guidance governing capability (ETL 1110-2-301 dated
26 August 1983). The distance of the active fault segmunt from the dam is 27
to 30 km, a distance that i1s at the border of the near/far field limits for
strony ground motion. Other sources are si