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ABSTRACT

South and southeast of Clear Lake, Calilornia,
approxinmtc\y 35,000 ft of clastic sedimentary
strata of the Great Valley sequence ranging in age
from late Jurassic to Late Cretaceous crop out in
irregular belts trending from northwest to south-
cast. Together with overthrust lower Tertiary beds,
these rocks form a thrust complex that rests
structurally upon the Pranciscan assemblage of late
Mesozoic age along the Sada Creek thrust and is
overlain unconformably by late Cenozoic strata. A
number of subsidiary thrusts, thatare discordant to
bedding, break the Great Valley sequence into at

least three and possibly more than four successive

thrust plates or shices. In all exposed cases, younger
strata overlie older strata along the thrusts. The
principal structurally intact stratigraphic compon-
ents of the thrust complex are:

(1) A conformable Tithonian  to Valanginian
succession, 6900 (1, dominantly mudstone with 1600
ft of lithic sandstone and conglomerate in the
upper part.

(2) Lower Cretaceous strata, 4500 {t, in part
Aptian, dominantly thin-bedded quartzose sand-
stone and interbedded mudstone,

(3) Three structurally isolated  “‘mid”-Cre-

INTRODUCTION

The study arca south and southeast of Clear
Lake, Calilornia, is in the Northern Coast
Ranges about 70 miles north of San Francisco
(Fig. 1). Most of the arca is in the Lower Lake
15-minute quadrangle, but a small part lies in
the adjoining Calistoga 15-minute quadrangle
on the south. Within the arca are late Mesozoic
clastic sedimentary strata of the Great Valley
sequence cxposed in irregular belts that trend
from northwest to southeast. Exposures of the
late Mesozoic Franciscan assemblage lic be-
tween some of the exposed belts of the Great
Valley sequence.

The main objectives of the present investiga-
tion were: (1) to clarify the relationship be-

taceous successions, two of massive sandstone and
one of mudstone, total of 5700 ft exposed.

(4) A conformable Upper Cretaccous SUCCCSSION,
17,500 {t, in large part Campanian, cnmp()scd of five
mappable units including massive sandstone (3700
f0), siltstone (3600 fU), massive sandstone (4000 ).
mudstone (1000 ), and alternating sandstone and
mudstone (5200 f1) in ascending order.

(5) A conformable marine Paleocenca nd Bocene
succession (5500 {t).

The lithologic characteristics, petrologic vari
tions, and palcocurrent indicators of the strata in
the Great Valley sequence near Clear Lake are
comparable to those of correlative parts of the
Great Valley sequence along the western side of the
Sacramento Valley, mplacement of the Great
Valley sequence and the lower Tertiary beds above
the Franciscan assemblage by regional thrusting was
probably complete by Oligocene time from evi
dence elsewhere in the Northern Coast Ranges. The
thrusts themselves and the strata of the thrust
complex were later folded and cut by vounger
normal and reverse faults during Cenozoie defor-
mations,

wween the Great Valley sequence and the
Franciscan assemblage within the area, (2) ©
correlate the Great Valley sequence exposed
in the study area with the strata in the main
belt of Great Valley sequence exposed along

the west side of the Sacramento Valley to the

165

cast, and (3) to define the complex structures
within the Great Valley sequence of the arca.

Regional Geologic Setting

The late Mesozoic rocks of the California
Coast Ranges described by Bailey and others
(1964) may he grouped into two great assem-
blages whose lithology and structure are strik-
ingly different. One of these assemblages, com-
monly known as the Franciscan Series(Lawson,
1895) or the Franciscan Formation, and gen-
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Figure 1,

Generalized geologic map of part of California showing the location of the Lower Lake quadrangle

after California Division of Mines and Geology Bulletin 190,

crally ugmdul as eugeosynclinal, is composed
domin: antly of graywacke with minor shale,
conglomerate, greenstone, bedded chert, lime-
stone, and some peculiar types of metamorphic
rocks. The Franciscan assemblage isa complexly
deformed and weakly metamorphosed tectonic
mélange (Hsu, 1968) that occupies the core of
the northern Coast Ranges cast of the San
Andreas fault. The other assemblage, the Great

Valley sequence of Bailey and others (1964),
exhibits simpler Jithologic and structural rela-
tions. Tt is an orderly succession of alternating
beds or units of mudstone and sandstone with
conglomerate lenses at a few horizons. Green-
stone and bedded chert, common in the Fran-
ciscan assemblage, are present only in the very
lowest part of the Great Valley sequence, The

Great Valley sequence crops out mainly along
the west side of the Great Valley, except for
structurally isolated exposures scattered m the
Coast Ranges to the west. On the west side of
the Sacramento Valley, the Great Valley se-
quence dips homoclinally away from the com-
plexly deformed Franciscan assemblage, and is
about 40,000 ft thick (Page, 1966, Fig. 3). It
includes strata ranging in age from Late Juras-
sic through Late Cretaceous without any appre-
ciable break in the record of sedimentation.
For years no signilicant {ossils were dis-
covered in the Franciscan assemblage, and
neither the original top nor base has ever been
recognized. Therefore, it was once generally
regarded as younger than Paleozoic, but older
than the oldest rocks of the orderly late Meso-

zoic succession now known as the Great Valley
sequence. Taliaferro (1942, 1943a, 1943D)
argued that the Franciscan assemblage is of
Late Jurassic (Tithonian) age, but slightly
older than and gradational into the base of the
Great Valley scquence. However, fossils of
Late Jurassic (Tithonian), Early Cretaccous
(Valanginian and Albian) and Late Cretaceous
(Cenomanian and Turonian) age were later
discovered in the Franciscan assemblage (see
Irwin, 1957; B;lilcy and others, 1964). There-
fore, the Franciscan assemblage probably also
includes rocks that range m age from Late
Jurassic to Late Cretaceous even though the
continuity of sedimentation cannot be dem-
onstrated directly because of the dislocated
mélange style of 1ts internal structure. It may
also include some rocks of pre-Tithonian or
post-Turonian age. Inany event, the Franciscan
assemblage is partly equivalent in age to the
Great Valley sequence; therefore, the relation-
ship of the two different assemblages to each
other poses a diflicult problem.

Nowhere in California has a depositional
contact between the two assemblages been un-
questionably  demonstrated.  Wherever  the
Franciscan assemblage and the Grear Valley
sequence are in contact, a fault or a body of
serpentinite intervenes (B'lilcy and  others,
1964). The juxtaposition of the two assem-
blages with unkmgly different structural as-
pects led Irwin (1964) and Bailey and others
(1964) to propose the working hypothesis that
the Great Valley sequence has been bodily
emplaced above the Franciscan assémblage in
the Coast Ranges by thrusting on a regional
scale. The intervening serpentinite bodies may

the overriding thrust sheet. However, Hsu
(1967, 1968) holds that the Franciscan assem-
blage is pre-Tichonian, although largely unfos-
siliferous, that it is correlative with the Meso-
zoic rocks of the Sierra Nevada foothills, from
i whose site it was thrust westward as a gravita-
| tional mélange into the region of the present
i Coast Ranges during a Late Jurassic orogeny,
and that the Franciscan assemblage was later
chaotically mixed by Late Cretaccous gravity
sliding with parts of the fossiliferous Great
Valley sequence, which originally overlay the

é Franciscan unconformably. However, detailed
! mapping which supports the conc#h of regional
lllrustmg has been reported by Dickinson

(1965, 1966a, 1966b) in the southern Diablo

Range, by Blake (1969) in the northern Diablo
Range, by ]. Brown (1967) in the Cuyama

“rocks around Lower

possibly have served asa lubricant at the base of
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River gorge, by Page (1969) in the southern
Santa Lucia Range, by R. Brown (1964,
196-b) ncar Stonylord on the west side of the
Sacramento Valley, by Berklnd (1969) in the
region northwest of Clear Lake, and by Rich
(1968) in the region northeast of Clear Lake,

The structures that are deseribed in this re-
port support the hypothesis of regional thrust-
ing for this pu( ol the Coast Ranges, document
the presence of related thrusts within the Great
Valley sequence of the upper plate, and show
that lower Tertiary rocks are mvolved in the
thrusting.

Previous Work

Early relerences (o the late Mesozoic rocks
Lake were made by Whitney
(le()) The rocks were
described by Becker (1888) and Forstner
(1903) in reconnaissance. Dickerson (1914)
deseribed the stratigraphy and structure of the
Luke, and differentiated
them as Franciscan, Knoxville (Late Jurassic),
Chivo (Late Cretaccous) and Martinez (Paleo-
cene). However, he did not show the outcrops
ol Knoxville on his map, cven though he
deseribed  the Jocation and lithology of the
Knoxville strata and the occurrence of Buchia
| = Awcella] piochii in them,

The Mesozoic rocks in the southern part of
the arca near Middletown were relerred to the
Knoxville (Late Jurassic) by Taliaferro (1943b)
and were mapped as Knoxville by Yates and
Hilpert (1946), ‘T'he middle part of the area
was not described in the literature until Brice
(1953) mapped the entire Lower Lake quad-
rangle. Brice diflerentiated the late Mu()unc
rocks of the Lower Lake quadrangle into Fran-
ciscan and Knoxville groups, both ol which he
regarded as Late Jurassic (Tithonian) in age,
and undifferentiated Cretaceous rocks which
he correlated with Buchia crassicollis-hearing
(Lower Cretaceous) strata of the adjoining
Morgan Valley quadrangle to the cast, Koenig
(1963) listed Brice’s Knoxville group and un-
differentiated  Cretaceous rocks as Knoxville
(Tithonian) (?) and Lower Cretaceous (?),
respectively, on the geologic map of Calitornia
(Santa Rosa Sheet). In this report, Brice's
Knoxville group and undifferentiated Creta-
ceous rocks are divided into Franciscan assem-
l)l‘l;,c (Upper Jurassic=Upper Cretaceous?) and
various parts of the Great Valley sequence
(Upper Jurassic-Upper Cretaceous). Extensive
exposures of Upper Cretaceous rocks in the
arca are reported here for the first time,

near  Lower

(1865) and Gabb
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‘l:igurc L Generalized geologic map of part of California showing the location of the Lower Lake quadrangle
after California Division of Mines and Geology Bulletin 190.

crally regarded as eugeosynclinal, is composed
dominantly ol graywacke with minor shale,
conglomerate, greenstone, bedded chert, lime-
stone, and some peculiar types of metamorphic
rocks. The Franciscan assemblage 1sa complexly

deformed and weakly metamorphosed tectonic

mélange (Hsu, 1968) that occupics the core of
the northern Coast Ranges cast of the San
Andreas fanlt, The other assemblage, the Great
Valley sequence of Bailey and others (1964),
exhibits simpler lithologic and structural rela-
nons. Tt is an orderly succession of alternating
beds or units of mudstone and sandstone with
conglomerate lenses at a few horizons. Green-
stone and bedded chert, common in the Fran-
ciscan assemblage, are present only in the very
lowest part of the Great Valley sequence. The

Great Valley sequence crops out mainly along
the west side of the Great Valley, except for
structurally isolated exposures scattered in the
Coast Ranges to the west. On the west side of
the Sacramento Valley, the Great Valley se-
quence dips homoclinally away from the com-
slexly deformed Franciscan assemblage, and is
about 40,000 [t thick (Page, 1966, Fig. 3). 1t
includes strata ranging 1n age from Late Juras-
sic through Late Cretaceous without any appre-
ciable break in the record of sedimentation,
For years no significant fossils were dis-
covered in the Franciscan assemblage, and
neither the original top nor base has ever been
recognized. Therefore, it was once generally
regarded as younger than Paleozoic, but older
than the oldest rocks of the orderly late Meso-
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zoic succession now known as the Great Valley
sequence. Taliaferro (1942, 1943, 1943b)
argued that the Franciscan assemblage is of
Late Jurassic (Tithonian) age, but slightly
older than and gradational into the base of the
Great Valley sequence. However, fossils of
lLate Jurassic (Tithonian), Early Cretaccous
(Valanginian and Albian) and Late Cretaceous
(Cenomanian and Turonian) age were later
discovered in the Franciscan assemblage (see
Irwin, 1957; Bailey and others, 1964). There-
fore, the Franciscan assemblage probably also
includes rocks that range in age from Late
Jurassic to Late Cretaccous even though the
continuity of sedimentation cannot be dem-
onstrated direetly because of the dislocated
mélange style of its internal structure, 1t may
also include some rocks of pre-Tithonian or
post-Turonian age. Inany event, the Franciscan
assemblage is partly equivalent in age to the
Great Valley sequence; therefore, the relation-
ship of the wwo different assemblages to cach
other poses a diflicult problem.

Nowhere in California has a depositional
contact between the two assemblages been un-
questionably  demonstrated. - Wherever the
Franciscan assemblage and the Great Valley
sequence are in contact, a fault ar a body of
serpentinite intervenes (Bailey and others,
1964). The juxtaposition of the two assem-
blages with strikingly different structural as-
pects led Irwin (1964) and Bailey and others
(1964) to propose the working hypothesis that
the Great Valley sequence has been bodily
emplaced above the Franciscan assembldge n
the Coast Ranges by thrusting on a regional
scale. The intervening serpentinite bodies may
possibly have served asa lubricantat the base of
the overriding thrust sheet. However, Fsu
(1967, 1968) holds that the Franciscan asscm-
blage is pre-Tithonian, although largely unfos-
siliferous, that it is correlative with the Meso-
zoic rocks ol the Sierra Nevada foothills, from
whose site it was thrust westward as a gravita-
tional mélange into the region of the present
Coast Ranges during a Late Jurassic orogeny,
and that the Franciscan assemblage was later
chaotically mixed by Late Cretaccous gravity
sliding with parts of the fossiliferous Great
Valley sequence, which originally overlay the
Franciscan unconformably. However, detailed
mapping which supports the concept ¢ rgional
thrusting has been reported by Dickinson
(1965, 1966a, 1966b) in the southern Diablo
Range, by Blake (1969) in the northern Diablo
Range. by 1. Brown (1967) in the Cuyama

River gorge, by Page (1969) in the southern
Santa Lucia Range, by R. Brown (1964,
196-1b) near Stonylord on the west side of the
Sacramento Valley, by Berkland (1969) in the
region northwest of Clear Lake, and by Rich
(1968) in the region northeast of Clear Lake.

The structures that are described in this re-
port support the hypothesis ol regional thrust-
ing for this part of the Coast Ranges, document
the presence of related thrusts within the Great
Valley sequence ol the upper plate, and show
that lower Tertiary rocks are mvolved in the
thrusting,

Previous Work

Early references to the late Mesozoic rocks
near Lower Lake were made by Whitney
(1865) and Gabb (1866). The rocks were
described by Becker (1888) and Forstner
(1903) in reconnaissance.  Dickerson (1914)
described the stratigraphy and structure of the
rocks around Lower Lake, and differentiated
them as Franciscan, Knoxville (Late Jurassic),
Chico (Late Cretaccous) and Martinez (Paleo-
cene). However, he did not show the outcrops
of Kunoxville on his map, cven though he
described the location and lithology ol the
Knoxville strata and the occurrence of Buchia
[ = Aucella] piochii in them,

The Mesozoic rocks in the southern part of
the arca near Middletown were referred to the
Knoxville (Late Jurassic) by Talialerro (1943h)
and were mapped as Knoxville by Yates and
Lhilpert (1946). The middle part ol the area
was not deseribed in the lterature until Brice
(1953) mapped the entire Lower Lake quad-
rangle. Brice differentiated the late Mesozoic
rocks of the Lower Lake quadrangle into Fran-
ciscan and Knoxville groups, both of which he
regarded as Late Jurassic (Tithonmn) in age,
and undifferentiated Cretaceons rocks which
he correlated with Buchia crassicollis-hearing
(Lower Cretaccous) strata ol the adjoining
Morgan Valley quadrangle to the cast. Koeniy
(1963) listed Brice’s Knoxville group and un-
differentiated Cretaceous rocks as Knoxville
(Tithonian) (?) and Lower Cretaceous ),
respectively, on the geologic map ol California
(Santa Rosa Sheet), In this report, Briee's
Knoxville group and unditlerentiated Creti
ceous rocks are divided nto Franciscan assem-
blage (Upper Jurassic-Upper Cretaceous?) and
various parts of the Great Valley sequence
(Upper Jurassic-Upper Cretaccous). Iixtensive
exposures ol Upper Cretaceous rocks in the
area are reported here for the first time.
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Methods

The ficld work, with emphasis on the Great
Valley sequence, was done mainly in the spring
and fall of 1966 and the winter ol 1967 by Swe.
Dickinson later completed field work to resolve
the structural relations of the lower Tertiary
beds. Aerinl photographs at a scale of 1:20,000
and 7.5-minute topographic maps (1:24,000)
were used for plotting data. Mapping was
mostly exccuted on the photographs and later
translerred to the topographic maps. Geologic
cross sections were made from these maps by
the methods of Busk (1957), and thicknesses of
stratigraphic units were determined from the
cross sections. Some sandstone samples were
stained for K-feldspar for comparison with the
results obtained by Bailey and Irwin (1959).
The staining method was particularly successful
with well-indurated, coarse-grained sandstones.
Point counts of thin scctions were made by
Swe in consultation with Dickinson. Swe wrote
the original manuseripr, which was revised and
extended by Dickinson to take advantage of
valuable suggestions by reviewers,

STRATIGRAPHY

General Statement

The late Mesozoic rocks in the study area
include  the eugeosynclinal  Franciscan  as-
semblage and the non-cugeosynclinal Great
Valley sequence of Batley and others (1964, p.
123). The Franciscan assemblage forms a com-
plexty dislocated mélange that structurally
underlies a less deformed upper plate o Great
Valley sequence cut by mappable thrusts, The
contact is a fault zone inferred to have been a
subhorizontal thrust before Cenozoic lolding.
Phis thrust contact is discordant to bedding in
the upper plate of Great Valley sequence as
well as 1o lithologic contacts in the Frunciscun
mélange beneath. Subsidiary thrusts cutiing
the Greatr Valley sequence break it into a com-
plex of slices bound discordantly by thrust
surlaces. A structurally higher thrust has car-
red lower Tertiary strata above the Great
Valley sequence. Stratigraphic data on these
units are presented in this section, but dis-
cussion of the structural relations is deferred 1o
a later section, Diverse late Cenozote strata rest
unconfornibly on the pre-Oligocene rocks,
but are not discussed further in this report.
These include, after Brice (1953): (1) the

Pliocenc- l’lusmun( C \Lhcl ormation (litd\u
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poorly consolidated sands, silts, and gravels of
fresh water origin, together with some inter-
bedded lavas, and (b) younger Quaternary
Javas and breccias.

Franciscan Assemblage

A heterogeneous assemblage of complexly
deformed graywacke and conglomerate with
minor amounts of interbedded shale, bedded
chert, greenstone, and some low-grade meta-
morphic rocks of eugeosynclinal character are
assigned to the Franciscan assemblage, which is
extensively exposed to the south, west, and
north of the map arca in the Northern Coast
Ranges (see leiky and others, 1964). The
Franciscan assemblage undertlics approximately
5 sq mi in the middle of the eastern border of
the map area (Fig. 2), crops out just west ol
Brushy Sky High (‘\9) in the northeast part of
the map area, and 1s also exposed in small win-
dows a few miles southeast of Lower Lake, The
Franciscan in the arca includes homogencous
low-grade metasedimentary rocks and hetero-
geneous tectonic breccia, cach of which con-
stitutes a discrete structural unit.

The {oliate metasedimentary  rocks
mainly blueschist and phyllite, and are exposed
in the hills just southwest of the Baker Mine
(D8) and ‘1150 northwest of Brushy Sky High
(A9). Lixotic lithologic types are uncommon
in these areas, but are characteristic i the
tectonic broccia. Similar {oliate metamorphic
rocks of coherent structure are regarded as part
of the Franciscan assemblage 10 the north,
where they separate the region of vypical Fran-
ciscan rocks of mélange structure from the Stony
Creek fault zone and its associated serpentinites
(Brown, 1964a, 1964b; Rich, 1968). Blake and
others (1967) have related the development of
tectonite [abric and certain progressive meta-
morphic mineral zones in the Franciscan
assemblage to regional thrusting that juxtaposed
the Great Valley sequence and other rocks
above the Franciscan mélange. ‘The work done
in the study area may contribute to a better
understanding ol these relations by delineating
previously undiflerentiated eaposures of foliate
metasedimentary tectonites.

Franciscan tectonic breecia is exposed in an
irregular belt in the core of the Soda Creek
anticline and in small wandows clsewhere, Tt s
composed of massive or jointed blocks of gray-
wacke, bedded chert and greenstone embedded
in a finely ground or pervasively sheared mass
ol mudstone, serpentine, graywacke, bedded
cherr and greenstone, The tectonic brecceta,

are

i
{
|
|
I

|
|
|
|




v L

"
LocH ¥ 2,7

v 4 LOMOND ¢
g byt

STRATIGRAPHY 169

however, appears to pass into highly deformed
massive graywackes with some pebble con-
glomerates in the vicinity of the cast border of
the map area. These conglomerates lie near the
projection of the strike line of conglomeratesin
the Great Valley sequence to the northwest,
Brice (1953) believed them to be part of the
same conglomeratic belt, even though he noted
dillerences in the clast types and in the degree
of induration, "The age of the Franciscan rocks
in the area could not be ascertained with
certainty, but in other parts of the Coust
Ranges, the Franciscan assemblage has yielded
fossils of Late Jurassic (Tithonian) to Late
Cretaceous (Turonian) age.

Great Valley Sequence

The Great Valley sequence in the area in-
cludes approximately 35,000 ft of clastic
sedimentary strata that range in age from Late
Jurassic to Late Cretaceous. It is exposed
three irregular belts that structurally overlie
the  Franciscan assemblage. Lithologic char-
acteristics, petrologic variations, and palco-
current indicators within the Great Valley
sequence in the study area are closely compa-
rable to those of correlative parts of the main
belt of exposure on the west side of the Sacra-
mento Valley which will be referred to simply
as the main belt in this report.

Within the study area, the Great Valley
sequence can be divided stratigraphically into
four main segments. Three are apparently con-
formable successions of strata, and the fourth
includes several isolated, fault-bounded expo-

sures ol apparently similar age. Because of

faulting, the relative ages of the four segments
cannot be demonstrated by physical super-
position, but direct evidence from fossils and
corroborative evidence from petrology permit
satisfactory correlation ol most parts of the
sequence (see Fig. 3). The stratigraphy of the
four segments is described first in the following
order; their petrology and structural relations
are discussed in later sections:

(1) The oldest strata, widely exposed in the
study area (see Iig. 2), are an apparently con-
formable succession ranging in age from Late
Jurassic  (Tithonian) to Early  Cretaceous
(Berriasian and Valanginian) on - the ‘msis of
species of Buchia.

(2) Younger Lower Cretaccous strata, in an
apparently conformable succession of homol-
ogous lithology and petrology, are exposed
only in the southern part of the studv area in

fault contact with both older and younger
strata,

(3) In the northern part of the study area,
poorly dated “'mid”-Cretaccous strata crop ot
in three separate, fault-bounded exposures.

(1) The youngest strata, extensively exposed
in the central part of the study area, are an
apparently conlormable succession of Upper
Cretaccous beds that account for about hall the
thickness of Great Valley sequence exposed in
the study arca.

Conformable Upper Jurassic and Lower
Cretaceous Succession (Unit 1)

Unit [ is composed dominantly of gray mud-
stone with subordinate lithic sundstone except
for 1600 [t of polymictic conglomerate inter-
bedded with massive sandstone in the upper
vart ol the sequence. The total thickness is
about 6900 [t. The strata of unit 1 were sub-
divided into two lithostratigraphic units—a
fower mudstone unit and an upper con-
glomerate and  sandstone  unit, which are
informally designated as units Ia and th, re-
speetively, As the mudstone unit (La) is more
widespread and more variable in lithology, the
strata in cach area of exposure are described
separately.

The oldest exposed part of unit Ia is prob-
ably that on the Foward Springs structure in
the northwestern part of the map area, The
Howard Springs structure is an croded pierce-
ment arch; therefore, the strata near the middle
of the structure are presumably the oldest in
the scquence exposed, These include highly
sheared gray mudstone with some thin-bedded
white tuflaceous beds and some massive lithic
graywacke beds, Pilow lavas associated with
thin-bedded red chert oceur ar Howard Springs.
These strat at Howard Springs are included
in unit la rather than in the Franciscan as-
semblage because they are interclated with the
less indurated mudstones typical of unit |,
and are not associated with foliate metasedimen-
tary rocks or tectonic breceia characteristic of
the Franciscan assemblage. Similar greenstone,
volcanic breecia, and chert occur within the
lower part of the Great Valley sequence in
arcas to the north where structural rekuions are
not in doubt (Brown, 196:4h; Rich, 1968), Al
the rocks on the Howard Springs structure are
extensively sheared and intricately nnnglul
with serpentinite breccia, Palynomorphs ol
Late Jurassic (Tithonian) age were collected in
the core of the structure Ab(m( 2 ouiles suulh

eact ol Haward Qavinae Do oo )
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correlations based on gross lithology, petrology, and position in sequence. dicate nferred

B. pacifica of Farly Cretaccous (Valanginian)
age, are present at several localities near the
north border of the picrcement arch,

Strata of unit fa also crop out in two arcas
near Middletown in the southern part of the
map area, Inthe bele west of Middletown,
exposures of well-indurated  gray  mudstone

contain at least five prominent units of white-
\vvu_lhcring, thin-bedded  siliceous  shale (;r
tuffaceous beds in the lower part of the exposed
sequence. Sandstone is rare at this localny
Palynomorphs ol Late Jurassic (Tithonian) ;u’w‘-
were collected from the siliceous beds. About a
mile north of Middletown, mudstone ol unit
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la contains a few thin-bedded white tuflaccous
beds and beds of thin- 1o medium-bedded
volcanic breccia, Trregular bodies ol volcanic
breceia that were mapped as intrusive gabbro
by Brice (1953) and Yates and Hilpert (1946)
are also present within the mudstone, Paly-
nomorphs of Late Jurassic (Tithonian) age
were also collected from this locality.

The most exXLensive exposures of unit la are
i a northwest-trending belt along the axial
trace of the Soda Creek anticline south of
lower Lake and in the vicinity of the Baker
Aine, Most of the unit is greenish-gray mud-
stone containing interbeds of thin-bedded to
massive Hithic sandstone.  However, small
hrust shices of unit la caught up in the under-
lying Franciscan tectonic breccia are mainly
idurated lithic sandstone with scattered mud-
wone interbeds. Brchia piochity, B. unclordes,
B. pactfica and belemnite fragments were col-
lected Trom various places on the north limb
of the Soda Creek anticline, and  Buchia
prochi, B. fischeriana (2) and palynomorphs ol
Iate Jurassic or Early Cretaccous age were col-
lected from the south limb of the anticline.
According to Jones and others (1968, p. 104),
Buchia prochir is Late Jurassic (Tithonian), B.
uncitoides is Larly Cretaceous (late Berriasian),
and B, pucifica is younger Early Cretaceous
(carly Valanginian) in age. Buchia okensis of
carly Berriasian age was not found in the arca.

The conglomerate and sandstone unit (1b)
conformably overlies the lower mudstone unit
(1aj on the Soda Creck anticline. On the south
b of the anticling, it is composed ol thick
conglomerate lenses containing  interbeddeéd
andstone and mudstone. Conglomerate Lypes
range {rom pebbly mudstone (Crowell, 1957)
10 cobble conglomerate, Clasts include mainly
granitoid rocks, light-colored porphyritic vol-
canic rocks, and dark aphanitic volcanic rocks.
Intrabasinal materials (limestone and sandstone
clasts) form only a minor proportion of this
conglomerate. Reworked Upper Jurassic species
of Buchia (B. piochit, B. blanfordiana) and
fragments of belemnites were collected from
the middle part of the conglomeratic sequence.
Early Cretaceous (Valangimian) lossils, Buchia
pactficd and Olcostephanus (?) sp., werc found
‘Iso in the middle part about 1.25 miles west
of andd almost along strike from the locality that
yiclded reworked fossils.

Massive, brown-weathering, gray sandbne
(1b) conformably overlies the lower mudstone
wit (la) in the horth limb of the Soda Creek

anticline near Lower {.ake, These sandstones

occupy about the same stratigraphic position as
the conglomerates in the south limb ol the fold.
However, only a few conglomerate lenses were
noted in the north limb.

Massive sandstone ol unit 1b that con-
formubly overlies mudstone of unit [a north-
east of Baker Mine is continuous with the
sandstone unit of comparable thickness mapped
as the basal Blue Ridge Member of the Crack
Canyon Formation in the adjacent Morgan
Valley quadrangle (Page, 1966, after Lawton,
1956).

Lower Cretaceous Strata (Unit 11)

Unit 1T is exposed only in two narrow belts
(G3-115 and 10) in the southern part of the
study arca, The strata are dominantly thin-
bedded sandstone, relatively more quartzose
than the sandstone ol unit 1, with interbedded
silistone and mudstone containing seattered
white-weathering limestone concretions. Sand-
stone beds are mostly graded and are well
faminated; some contain worm burrows. Be-
cause of discontinuous exposure, - the total
stratigraphic thickness of unit 11 in the twvo
exposed belts could not be determined exactly,
but is estimated to be about 4500 [t. Paly-
nomorphs of Early Cretaccous age were co
lected Trom the western belt of exposure and
Larly Cretaccous palynomorphs ol Aptian
age were collected from the eastern belt of
exposure, ‘These palynomorphs indicate that
Unit I is wholly or pardy cquivalent in age Lo
some part of the lithologically similar Lower
Cretaccous beds referred 1o the Little Valley
and Davis Canyon Formations (Page, 1960,
afier Lawton, 1956) in the main ouLcrop belt
to the cast where the two havea total thickness

of about 10,000 [t.
«Mid’*-Cretaceous Strata (Unit 1IT)

Three structurally isolated successions of
upper Lower  Cretaccous or lower Upper
Cretaceous strata, or both, are exposed in the
northern part of the study area. Their strat-
igraphic relations o one another are not clear
{rom the field mapping, nor {rom the fossils they
contain, As they are distinet from the remainder
of the Great Valley sequence in the study arca,
and are probably all of similar ape, they are
here described together for convenience.

Near the northern edge of the area (A7),
about 2200 [t of a sandstone unit (Hla) 1s
exposed in a belt across Cache Creek about 2.5
miles northeast of Lower Lake. Unit tHa s
com posed dominantly of putt-weathering,
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massive, quartzo-feldspathic sandstone con-
taining minor conglomerate lenses and mud-
stone interbeds, Many of the sandstone beds
are graded, but current structures are generally
not preserved, except for well-developed part-
ing lineations. Palynomorphs of Albian-
Cenomanian(?) age and an unidentified am-
monite were collected from about the middle
part of unit 1la. Unit [1Ta may be correlative
with the unit of similar age and lithology called
““Salt Creek Conglomerate” (Talialerro, 1954;
Lachenbruch, 1962) or ‘‘Brophy Canyon
Formation” (Page, 1966, after Lawton, 1956)
in the main outcrop belt to the east.

Near the western edge of the area (C3),
about 500 ft of a mudstone unit (I1Ib) is
exposed in the trough of a southeast-plunging
syncline about 2.5 miles southwest ol [ower
Lake. Unit Ilb is composed dominantly of
mudstone with a few thin- to medium-bedded
sandstone intercalations. Palynomorphs of
Albian-Cenomanian age were collected from
unit 111b. Unit 11Tb may be correlative with
the unit of similar age and lithology called
“Antelope Shale” (Taliaferro, 1954; Kiipper,
1956, p. 40) or *‘Fisk Creek Formation™ (Page,
1966, after Lawton, 1956) in the main outcrop
belt to the east.

About 3000 ft of another sandstone unit
(I1lc) is exposed in the trough of the same
slunging syncline as is unit 11lb, but the con-
tact is laulted wherever it can be observed.
Unit Ilc is composed dominantly of massive,
bufl-weathering, litho-feldspathic sandstone
with some siftstone interbeds. The sandstones
are commonly graded, but other sedimentary
structures are not well observed because of
poor exposures, Palynomorphs of Late Cre-
taccous age were collected from unit 111e. The
correlation of unit 1llc with strata of the main
outcrop belt is uncertain. However, its thick-
ness and lithology, coupled with its dissimilar-
ity to other strata in the thick Upper Creta-
ceous section of the study area, suggest a
tentative correlation with the Venado Forma-
tion (Kirby, 1943), which is the oldest Upper
Cretaceous sandstone unit of the main out-
crop belt,

Conformable Upper Cretaceous Succession
(Unit IV)

The diverse strata of unit IV crop out in two
large northwest-trending belts north and north-
west of Middiectown, The total thickness of
about 17,500 ft includes the following five
o il ceders TV lower

sandstone unit (3700 ft); IVh, siltstone unit
(3600 [t); [Ve, upper sandstone unit (4000 fu);
IVd, mudstone unit (1000 ft); and Ve,
alternating sandstone and mudstone unit
(5200 ft). The contacts between the five units
are conformable and at least locally gradational,

The lower sandstone unit (IVa) crops out on
the crest of Harbin Ridge a few miles northwest
of Middletown (G4). Unit [Va is composed
mainly of massive, yellowish brown-weathering
sandstone with subsidiary interbedded, purple
weathering siltstone, In the single small lens of
conglomerate observed in the unit, elliptical
clasts of white-weathering limestone, possibly
of intrabasinal origin, are mixed with sub-
ordinate clasts of schist and dark volcanic rocks
in a sandstone matrix, Unidentified large
pelecypod shells were collected from the con-
glomerate lens. In the nature of itsclastsand in
its texture, this conglomerate lens is indistin-
guishable from others noted higherin the Upper
Cretaceous succession.

The siltstone unit (IVb) is exposed in a belt
trending northwest-southeast [rom about 2
miles west of Loch Lomond (D2) to about 2
miles north of Middletown, Unit Vb is com-
posed mainly of thin-bedded, purple-weather-
ing siltstone with some fine-grained, massive,
white-weathering sandstone interbeds. A few
large, brown- to white-weathering, dark lime-
stone concretions, some of which contain
numerous broken picces of oysters and other
pelecypods, occur within the unit. A single
lens ol fine-grained conglomerate with clasts
predominantly ol rounded milky quartz sctin
a sandstone matrix was noted in one place,
Glauconitic sandstone is common at some hori-
zons. Fossils collected from the unit include
palynomorphs of Late Cretaceous age, Cuteul-
laca sp. (identified by A, M. Keen), other
unidentifiable pelecypods and cephalopods, and
Bathysiphon perampla (?).

The upper sandstone unit (IVc) is exposed
in two belts on the north and south sides of the
Howard Springs structure a few miles north-
west of Middletown, Unit Ve is composed
dominantly of massive, medium-bedded, yel-
lowish brown-weathering, medium- to coarse-
grained sandstone with subordinate siltstone
interbeds. The sandstones are mostly graded
and laminated, and sedimentary structures are
relatively abundant. Some glauconitic sand-
stones and a single lens of conglomerate con-
taining clasts of probably intrabasinal white-
weathering limestone were observed.  Paly-
nomorphs of Late Cretaccous age were collected
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from the lower and middle part of unit IVe.
A poorly preserved ip\prcssion of an ammontte
questionably identified as Nostoceras: sp. by
D. 1., Jones was collected (rom the middle part
of the unit on the south side of the Howard
Springs structure and suggests an age no older
than Campanian (Arkell and others, 1957, p.
p. L.224). ‘ A .

The mudstone unit (IVd) was considered as
part of the overlying unit (alternating sand-
stones and mudstones) in a recent abstract by
one of us (Swe, 1968). However, us.it is persist-
ent and mappable along the entire outcrop
bely, it is discussed here as a scparate unit.
Unit 1Vd is composed dominantly of mudstone
with only a few thin sandstone beds.

‘I'he aliernating  sandstone and mudstone
unit (1Ve) crops out in a large northwest-
southeast belt between Middletown and Lower
lake. Highway 53 runs fiiagon:.\lly across the
exposures of the unit. Unit 1Ve is composcd of
massive,  yellowish brown-weathering, — gray
andstone with  miner mudstone interbeds
alternating with mudstone that contains sub-
ordinate thin-bedded, graded sandstone inter-
beds. Sedimentary  structures are relatively
common in the unit. Bedding character,
sedimentary structures, and rhylhmicnlly alter-
nating scquences ol s:m.dswnc ;11‘\(} mudstone
strongly suggest rurbidite deposition, Inocer-
amus schmidri and palynomorphs ol Late
(retaceous age were collected from lhg lower
part ol unit Ve, Desmophyllites {/1'/)/))///01(/@: and
palynomorphs of late Campanian or possibly
carly Macstrichuan age were collected - from
aear the top ol the unit. Tnoceramits schmidii
is of middle to late Campanian age (Matsumoto,
1960, Pl 1), and Desmophyllites diphylloides
ranges throughout the Campanian and pos-
sibly through the lower Maestrichtian as well
{Matsumoto, 1959, p. 11). ‘ .

“The Tossil collections indicate that unit Ve
is wholly or partly equivalent in age to some
part ol the Forbes Formation (Kt'r‘by, }943) of
the main outerop belt to the cast. The lithology
of the Forbes Formation is broadly similar to
it of units of IVd and Ve Il the ammonite
collected from unit Ve is reliable, this sand-
stone unit may be correlative with the Guinda
Formation (Kirby, 1943) of similnr‘ age and
lithology beneath the Forbes Formation in the
main outcrop belt to the east. Provided the
combined units 1Ve and 1Vd do corddpond to

the Forbes Formation, and unit Ve to ll}c
Guinda  Formation, it 1s p()ssihlc o infer

correlations of the underlying units 1Vb and
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Va on the more tenuous grounds of lithology
comparable to underlying formations of the
main outcrop belt and of superposition con
sistent with the order in the main outerop belt,
11 the inference is vatid, unit [IVh may represent
the Funks Formation (Kirby, 1943) and Unit
[Va, the Sites Formation (Kirby, 1943).

Lower Tertiary Beds

Brice (1953, p. 27-30) described the ex-
posures of lower Tertiary marine strata within
the map area, He reported that the sequencee,
about 5500 ft thick, includes: (1) Palcocene
sandstone and  mudstone ol the Martinez
Formation, and (b) Eocene sandstone of the
Tejon Formation. The beds contain {ossiliferous
horizons with motluscan faunas indicative of
deposition in moderately shatlow ;uu.l warm
waters, For this report, our attention was
conlined to definition of the contacts hetween
these strata and the Great Valley sequence.

Palcocene strata near Lower Lake (C8) were
assigned by Dickerson (1914) to the Martinez
Formation (sce Popenoe and others, 1960},
Along the southern border of the exposures,
the Daleocene strata are largely massive .s:lnd'
stone that locally contains a rich megalauna,
Along the notthern border ol the exposures,
the Paleocene strata are mainly mudstone, In
the syncline trough within the exposures, these
Paleocene strata are overlain depositionally by
conglomeratic sandstone of Focene age (Brice,
1953). .

A small area (D6) ol white, massive, coarse:
grained sandstone about 3 miles south of Lower
Lake was recognized by Brice (1933) as the
Martinez Formation on the basis of lithology,
although no fossils were found in it. Below the
massive white sandstone is a unit of structure-
less, massive, fine-grained, light-brown sand-
stone which Brice (1953) included in the un-
differentiated Cretaceous. However, Turritella
/)ac/wrocnsis, the Pulcogcnc g\\idc-l})ssil. was
collected by the writers lrom the upper part of
the fine-grained, brown sandstone unit, The
brown sandstone unit docs not possess sole
markings or graded bedding fike the Mesozole
strata in the area,

SEDIMENTOLOGY OF GREA'T VALLEY
SEQUENCE
Sandstone Petrology

A number of sandstone samples were sawed

pependicular to bedding and stained for K-feld-
spar to cheek stratigraphic changes in the K-
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Figure 5. Petrologic variation chart of the Great Valley sequence near Clear Luke, California,

posed along Cache Creek in the main outcrop
belt duc east of the study area (see Fig. 1) are
given by Ojakangas (1968). Comparison ol the
petrologic data with paleontologic data for the
study area suggests that the petrologic units
can be valuable for gross correlation in the
absence of fossils and as a supplement to
paleontologic and lithologic data for specific
corrclations.

Petrologic unit A is represented by strati-
graphic unit I and is characterized by quartz-
poor sandstones rich in lithic fragments and
low in K-feldspar. The apparent overlap of the
fields of petrologic units C and 1D with petro-
logic unit A on the Q-F-L diagram (Fig. 4) is
not a real ambiguity, for the two younger
petrologic units contain_significantly - more
K-feldspar (Table 1; Fig. 5). In the main out-
crop belt to the east, strata ol comparable
petrology  (petrologic intervals 1 and 1L of

Ojakangas, 1968) are correlative on the basis of
paleontology as well.

Petrologic unit By is represented by straui-
graphic unit I, and is characterized by rela-
tively quartz-rich sandstones, poor in lithic
fragments and low in K-feldspar. The apparent
overlap of the fields of petrologic units C and
[ with petrologic unit By on the Q-IF-L dia-
gram (Fig. 4) is not a real ambiguity, for the
two younger petrologic units contain signifi-
cantly more K-feldspar (Table 1, Fig. 5). In
the main outcrop belt to the cast, some ol the
strata of comparable petrology (petrologic
interval 111 of Ojakangas, 1968) arc apparently
correlative in age as well (see carlier section).

Petrologic unit By is rcprcscmcd by strati-
graphic units Ila and 11T of mid-Cretaccous
(/‘\lhi:m-Cenomaniﬂn) age, and is characterized
by sandstones about as rich in quartz grains and
as poor in lithic fragments as those of petro-
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logic unit By, but diflering from them in having
a relatively high content of K-feldspar, Strata
of comparable age (Albian-Cenomanian) in the
main outcrop belt to the eastare also compara-
ble in petrology (petrologic interval IV of
Ojakangas, 1968). There is undoubted overlap
of the hields of petrologic units B2 and 1D on
the Q-F-L diagram (Fig. 4) for the study area,

Petrologic unit C is represented by strati-
graphic units Hlc and 1Va, and is characterized
by sandstones containing about equal amounts
ol quartz grains, feldspar grains, and lithic
fragments so that plotted points fall near the
middle of the Q-F-L diagram (Fig. 4). Neither
of the two stratigraphic units yielded fossils,
and the suggested  stratigraphic corrclations
with the Venado and Sites Formations are
speculative (see carlier section)., The petrology
ol the rocks does not contradict the suggested
correlations and lends some support to them,
for it is these two formations ol the main out-
crop belt whose petrology is the most compa-
rable (petrologic interval V of Ojakangas, 1968).

Petrologic unit D is represented by most ol
stratigraphic unit 1V, and is characterized by
sandstones rich in feldspar and low in lithic
fragments. In the main outcrop belt o the east,
correlative strata are comparable in petrology
(petrologic interval 1V of Ojakangas, 1968).

Three representative Franciscan sandstone
samples were also point-counted for comparison
with the rocks ol the Great Valley sequence in
the area. Petrologically, the Franciscan sand-
stones in the arca are indistinguishable (except
for the absence of K-feldspar in the Franciscan
sandstones) from  those of the lower part
(Tithonian through Valanginian, petrologic

‘Fasre 2.

unit A) of the Great Valley sequence, However,
in other parts of the Coast Ranges, Soliman
(1958) reported Franciscan sandstones which
are petrologically diflerent from those of the
present arca, These are comparable to sand-
stones of the upper part (post-Valanginian) of
the Great Valley sequence and particularly to
late Early Cretaceous (petrologic units 13y and
B,) rocks. This may indicate that the Francis-
can assemblage also possesses trends in petros
logic variation that are somewhat comparable
to those within the Great Vadley sequence.
Such would suggest derivation from compara-
ble source areas. The Franciscan rocks in the
study area, therefore, probably represent an
older part ol the Pranciscan assemblage, as
Bailey and others (1964) have alreudy specur
lated.

Paleocurrents

One hundred and seventy-two paleocurrent
measurements were made from the rocks of the
Great Valley sequence in the area, The indicas
tors include various Jtorms of flute  casts
(Crowell, 1955, p. 1359), groove casts (Shrock,
1948, p. 162), parting lincations (Stoke, 1947, p.
21: Crowell, 1955, p. 1361), bounce casts
(Wood and Smith, 1959, p. 182), brush casts
(Dzulynski and Slaczka, 1958, p. 231), smali-
seale cross-stratification (MeKee and - Weir,
1953, p. 382), flame structures (Walton, 1956),
alignment of organic material and imbrication
of pebbles (see Table 2). Systematic sampling
in predetermined localities, as suggested by
K rumbein (1960), was not possible because ol
[POOI EXPOSUTCLS.
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Most of the measurements were made [rom
individual beds. However, where more than
one paleocurrent direction was observed on the
same bed, all the directions were measured and
cach measurement was given equal considera-
tion in an over-all computation of the general
trend, Most of the measurements were made
with the help of a protractor and a marking
pen in a manner similar to that recently de-
scribed by Briggs and Cline (1967). Tilt cor-
rections were made for rotations around both
horizontal and vertical axes wherever necessary.

Palcocurrents ol the Great Valley sequence
in the arca compare closely to those reported
by Ojakangas (1968) from the correlative parts
ol the Great Valley sequence on the west side
of the Sacramento Valley except for the Venado
and Funks Formations (see Figs. 6, 7). Dis-
crepancics at these levels may be due to strong
prevalence of transverse currents from the side
of the basin on the east. In general, southerly
currents prevail in both areas.

Environment of Deposition

Repeated graded bedding, sole markings,
alternating sequences ol thin-bedded mudstone
and graded sandstone, and displaced faunas
(see Dott, 1963; Kuenen, 1957) strongly sug-
gest a turbidite origin for most of the strata,
as is the case for the main outcrop belt (Ojakan-
gas, 1968). Absence of large-scale cross strati-
fication and indigenous shallow water organisms
also indicate that most of the Great Valley
sequence in the area was deposited below wave-
base. However, large limestone blocks with
numerous broken oysters in the siltstones of
unit Vb may indicate a shallower environ-
ment, These large blocks do not appear to have
been transported appreciably, and oysters
thiive only m shallow water with hard bottom
conditions. On the other hand, a few sediment-
ary structures (sole marks) in this unit are very
similar to those in the other units which are
regarded as typical turbidites. This may
indicate that some [features apparently in-
dicative of turbidity currents could also form
in shallow water environments.

STRUCTURAL RELATIONS OF
MESOZOIC ROCKS

Structures described here include mainly
those within the Great Valley sequence upon
which the present investigation has been lo-
cused. The conspicuous structures in the area
are the Soda Creek thrust, which marks the
discordant base of the Great Valley sequence
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Figure 6. Stratigraphic variation in paleocurrent
trends within the Great Valley sequence near Clewr
Lake, California.
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in paleocurrent trends of the Great Valley sequence,
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above the structurally underlying Franciscan
assemblage, and associated imbricate thrusts
that shiced the Great Valley sequence. OF the
latter, the Harbin Mountain thrust that marks
the discordant base of the conformable Upper
Cretaceous suceession is the most conspicuous.
Fach of the thrust slices, large and small, were
internally deformed, and all of them sub-
sequently folded together and fautted during
late Cenozoic deformations. Many of the old
thrusts are exposed on the flanks of the younger
folds, and many of them dip as steeply as the
limbs of the folds in which they are involved.
Therefore, it is diflicult to separate the steeply
dipping old thrusts from younger steep faults
whose traces often parallel the Cenozoic fold
trends (northwest-southeast). In this report,
faults mapped as folded thrusts include those
which dip steeply in most arcas, but locally
have relatively “gentle dips (for example,
{arbin Mountain thrust), and those which dip
locally in opposite directions. However,
sraight faults which everywhere dip steeply
were mapped as younger reverse and normal
Gaults. The thrust faults in the area are mostly
secognized by stratal truncations which are
also commonly associated with the presence
of some unrelated exotic rock types, such as
serpentinites and their aliered products, or
some highly deformed  graywackes. Late
Cenozoic thrusting is also known in the Coast
Ranges (see Page, 1966, p. 273), but most of the
Lite Cenozoic thrusts had local roots. Therelore,
they should not be confused with the regiongl
(hrusts of older age described in this report.
- vidence bearing upon the age of the thrusting
is discussed in a later section; the following
account is confined 1o the geometry of the

thrusts.

Soda Creek Thrust

Even though thrust fault contacts between
the Franciscan assemblage and the overlying
Great Valley sequence have been reported
from other areas by Brown (1964a, 1964b) and
Rich (1968) in the Northern Coast Ranges and
by Dickinson (1965, 1966, 1966b) in the
Diablo Range, correlation of the faults among
the different areas is uncertain, The Great
Valley sequence may have been emplaced over
the Franciscan assemblage either by a system of
giant thrusts or by a single gigantic thrusygyer
the entire Coast Ranges. For convenience in
the present discussion, the thrust that separates
the overlying Great Valley sequence {rom the
Iranciscan assemblage in the study area will be

called the Soda Creek thrust after Soda Creek
in the east-central part of the area.

The folded trace of the Soda Creek thrust
is exposed for about 8 miles in the northern
part of the study area on the flanks of the Soda
Creek anticline. Limited exposures also ring
small windows nearby (C7) between the anu-
cline core and the town ol Lower Lake, Large
lenses and small pods ol serpentinite breccia
are widely scattered along the fault, which
separates the Franciscan assemblage beneath
from mudstone and sandstone of Late Jurassic
to Early Cretaceous age in unit 1 of the Great
Valley sequence. The fact that units T and 1b
are each locally in contact with the Franciscan
assemblage indicates that the Soda Creek thrust
truncates the bedding of unit I, whose exposed
base is a discordant contact.

The Soda Creek thrust also crops out for a
short distance just north and northwest of
Brushy Sky High (139) marking the north
border of the map area. The thrust here is
nearly horizontal as exposed, and carried Upper
Jurassic rocks of unit 1 over Franciscan meta-
sedimentary and minor metavolcanic rocks,

Structurally and stratigraphically, the Soda
Creek thrustis the lowest mappable thrust in
the area and probably is the main sole thrust
beneath the rocks of the Great Valley sequence,
A folded thrust delincated by a serpentinite
sheet(?) on the Howard Springs structure (%))
is tentatively regarded as a segment of the Soda
Creek thrust because it lies at approximately
the same stratigraphic and structural level as
the Soda Creek thrust in the type locality.
However, no Franciscan rocks were rccngnizcd
below the thrust on the Howard Springs
steucture. This may be because the serpentinite
breecia body along the thrust at that locality
is relatively thicker than those along the Soda
Creek thrust in the type locality, and crosion
may not have been deep enough to expose the
Franciscan rocks inferred to underlic the
serpentinite on the Hloward Springs structure,

Through a somewhat similar line of reasoning,
a moderately steep fault near the southwest
border of the map area can be interpreted as o
segment of the Soda Creek thrust, The fault
separates strata of the Great Valley sequence
from serpentinite which  may overlie the
Franciscan to the southwest of the map area
The serpentinite there is also thicker than that
along the Soda Creek thrust on the Soda Creck
anticline. The serpentinite also may have been
remobilized during Cenozowe detormations, tor
locally the thrust is steeply overtnmed and
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serpentinite overrides overturned strata of the
Great Valley sequence in this part of the arca.
However, a small klippe of probable Upper
Cretaceous massive sandstones (F4) appears to
overlie a small segment of the fault in question,
thus suggesting that the steeply dipping fault
is a folded thrust of relatively old age.

Imbricate Thrusts Within the Great Valley
Sequence

Folded thrusts presumably related to the
Soda Creck thrust as imbricate subsidiary
structures cut strata of the Great Valley se-
quence at a number of horizons, Their recogni-
tion was based mainly on mapped stratal
truncations and the occurrence of serpentinite
lenses along them. Outcrops of the fault zones
themselves are largely masked by soil and
vegetation. Inferences of subsurface extensions
and connections of these thrusts present a
difhicult challenge. The reliability of the inter-
pretations presented here will be seen to vary
greatly.

Except for local thin fault slices adjacent to
the Soda Creek thrust, no thrusts were mapped
within unit 1. The only suggestion that thrust
surfaces of minor displacement may possibly
occur within the exposures are locally unre-
solved structural complexities within unit Ib
in heavy brush on the south flank of the Soda
Creek anticline (1D9).

Except where it 1s overlain unconformably
by Tertiary strata, all exposed upper contacts
of wnit | are {olded thrusts discordant 1o bed-
ding. Unit | thusappears to form a folded thrust
plate or slice that is internally intact, but is
bounded above and below by folded thrusts
that are discordant, mostly at low angles, to the
bedding within unic L.

About 2 miles north of Middletown, a
gently dipping thrust exposed for about a mile
placed upper Lower Cretageous (Aptian) strata
ol the eastern outcrop belt of unit 1T over
Upper Jurassic (Tithonian) mudstone of unit
Fa. Just west of Harbin Springs (H4), a lolded
thrust that also placed unit 11 (western out-
crop belt) against unit la was located in poorly
exposed ground with the help of a slender
wedge of serpentinite along the thrust surface.
The two thrust segments are inlerred to repre-
sent a single thrust that forms the discordant
base of an intact thrust slice composed ol unit
1. Both thrust segments appear to diverge
upward in similar timbricate fashion into the
Great Villey sequence from the Soda Creek

thrust beneath. The exposed upper contacts
ol unit Il in both its arcas ol exposure are
folded thrust surlaces that are discordant to
bedding in unit 1 and are inferred to be seg-
ments of the Harbin Mountain thrust (see
below). Definite proof of the inferred conti-
nuity of the thrust plate or slice of unit 1 is
lacking because exposures of unit 1V above the
Harbin Mountain thrust separate the exposures
of unit I into two belts.

Near the northern edge of the study area, a
nearly horizontal thrust placed massive sand-
stone (unit 1) of probable mid-Cretaccous
age over Upper Jurassic to Lower Cretaceous
mudstone  (unit la). The thrust surlace is
slightly discordant to the bedding of the sand-
stone, The trace of the thrust is sinuous be-
cause it is involved in small plunging folds, and
it was also cut by younger normal faults, Its
location is sharply delineated because of the
strong contrast between the lithology of the
rocks above and below the thrust. A short seg-
ment of probably the same thrust crops out
about a mile due north of Cache Creek Dam.
This {ault has the same relationship to adjacent
strata as the one farther east. Just south of
Lower Lake, a steeply dipping fault between
lower Lower Cretaceous strata (unit 1b) and
massive sandstones (unit HTa 7) that are prob-
ably correlative with those near Cache Creek
Dam may be a steeply folded segment of the
same thrust that became involved in the big
syncline whose axial trace lies between Lower
Lake and Cache Creek Dam.

The exposed upper contacts of unit 1Tla are
everywhere unconformities  with  Cenozoic
strata. Any relationships that may have existed
with younger Mesozoic rocks prior to Cenozoic
crosion are thus unknown. The structural
relationships of units b and 1lc are even
more enigmatic. The contact between them is a
folded thrust (C3) that cruncates strata in both
units and placed unit Itlc above unit IM1b.
The only other exposed contacts of units H1b
and Illc are unconformities with Cenozoic
strata and late Cenozoic faults that offser
Cenozoic as well as Mesozoic strata (Brice,
1953). Huge fault slivers of Franciscan(?)
greenstone, chert, and serpentinite occur along
the fault contact between unit Ilc and unit
V. :

Units HTa, 111b, and ITc crop out only in the
northern part of the arca whereas the thrust-
bounded slice or slices of unit I crop out only
in the southern part of the area. It is tempting

S
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to speculate that units Tlla, [11b, and Illc may
represent parts of an internally dislocated but
semi-intact thrust plate or slice of mid-Creta-
ceous strata. Whether or not the three units
are really structurally associated with one
another as “‘unit H1,” there are no grounds to
suppose that any one of the three is in deposi-
tional contact with any parts of units L 11, or
1V, at any place within the study area.

Harbin Mountain Thrust

On the south slope of Harbin Mountain
northwest of Middletown, the trace of a thrust
that placed rocks of units IVa and 1Vb over
rocks of unit I is here called the Harbin
Mountain thrust, Thrust segments at the dis-
cordant base of unit 1V elsewhere are inferred
provisionally to be cxtensions of the same
thrust. However, subsidiary imbricate thrusts
that locally diverge upward from the Harbin
Mountain thrust introduce ambiguity into
several interpretations. The thrust in lower
Cockrell Canyon (115) that locally forms the
contact mapped between units VD and Ve is
the most conspicuous example. To the west,
displacement and discordance along this thrust,
which is subparallel to bedding, gradually de-
crease, and the contact between units [Vh and
[Ve appears so gradational and conlormable
that it is dificult to locate in the timber of
upper Cockrell Canyon. To the east, this sub-
sidiary branch thrust of Cockrell Canyon ap-
pears to merge with the main Harbin Canyon
thrust. Around the Big Canyon read about 2.5
miles north of Middletown, a lolded scgment
of the merged thrust surface placed Upper
Cretaceous massive sandstone (unit 1Ve) over
upper Lower Cretaccous strata (unit 11). A
relatively thin sheet of serpentinite breccia lies
along the thrust beside the Big Canyon road.
It appears superficially to form a conformable
wedge within the clastic strata and was pre-
viously mapped as detrital serpentine by Brice
(1953). However, palcontologic data now indi-
cate the difference in age of strata below
(Aptian) and above (probably Campanian)
the serpentinite sheet. Local structural map-
ping has revealed discordance with the strata
below and above the serpentinite sheet,

A small klippe (H4) ol probable Upper
Cretaccous massive sandstone (unit 1Va) west
ol HMarbin Ridge is apparently surroudiced by
an crosionally isolated segment of the Harbin
Mountain thrust, On Highway 53 about a mile
north of Middletown, a thrust that placed

Upper Cretaccous massive  sandstone  (unit
1V 2) above Upper Jurassic (Tithonian) mud-
stone (unit Ta)is also inferred to be part ol the
branching Harbin Mountain thrust system,

Exceptasitis partly dislocated near the base
by branching thrusts, unit IV forms a coherent
thrust plate or slice whose erosional remnants
extend over much of the study area, The ex-
posed upper contacts of unit Ve at the
highest stratigraphic levels exposed in the
Mesozoic sequence are unconformities or faults
with Cenozoic strata,

Summary of Thrust Geometry

The most likely structural relations of the
principal thrust plates and imbricate, lenticular
thrust slices can be summarized as lollows (see
Fig. 8):

(1) Resting discordantly upon  the Soda
Creele thrust and its branches ar the lowest
structural levels in the Great Valley sequence
isan intact plate of variable thickness composed
entirely of unit I, the conlormable Upper
Jurassic and  Lower  Cretaccous  succession,
which is bounded above by various discordant
thrust surfaces, Remnants of this unit 1 plate
are distributed  throughout the study area;
where higher structural levels are exposed at
the surface, it is probably present at depth,

(2) At the highest structural levels in the
Great Valley sequence of the southern and
central parts of the study arcais an intact plate
ol unit 1V, the conformable Upper Cretaceous
suceession, which rests discordantly wpon the
Harbin Mountain thrust and its branches,
There is no definite evidence that this unit IV
plate was ever present in the northern part of
the study arca, but it may well have been re-
moved from there by Cenozoic erosion.

(3) In the southern part of the study area,
the unit I plate and the unit 1V plate are
locally separated by a thrust slice or slices of
Lower Cretaceous strata {unit 1) that are
bounded above and below by discordant thrust
contacts. T'here is no evidence that this lenticu-
lar and possibly discontinuons unit 11 plate
extends northward at depth much beyond its
present outcrop ared, nor can it he proved that
the plate never extended over the entire study
arca,

(4) In the northern part of the study area,
three structurally isolated packages of md-
Cretaceous strata may conceivably be dismem-
bered parts of an internally dislocated unit
1 thrust plate that occupied some inter
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mediate structural level between the unit [
and unit IV plates. Aliernatively, they may be
three unrclated thrust slices, or all three miy
even be related to some unknown northern
extension of the unit 11 plate.

(5) At each thrust contact mapped, the
strata above the thrust are younger than the
strata below the thrust; some degree of stratal
truncation is evident on both sides of each
thrust.

Folds
The Tolds of the area are neither simple nor

\w.H Qvl}md because of complicated faulting.
It is ditheult o follow the axes of even big folds

for more than a few miles because minor folds
are generally present on their flanks, The two
largest folds in the area are the Soda Creek
anticline near Lower Lake and the Big Canyon
syncline a few miles northwest of Middlerown.

The Soda Creek anticline is a complicated
fold with an axis plunging northwest. The
Franciscan assemblage, the structurally lowest
rocks in the area, is exposed along the core in
the southeast. Also involved in the Sada Creek
anticline is unit 1, which overlies the Franciscan
along the Soda Creek thrust. Due to erosion
on the crest of the anticline, the trace of the
Soda Creck thrust is exposed on the flanks of
the anticline. In the southeastern part of its
axial trace, where the Franciscan rocks are
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exposed, the Soda Creek anticline appears to be
a broad fold. However, in the northwest, near
Lower Lake, the {old appears to be tightly ap-
pressed; mudstones near the axial trace of the
fold are steeply dipping or vertical. On the
northwest, just west of Lower Lake, the axial
trace of the Soda Creek anticline passes beneath
tufls of the Pliocene-Pleistocene Cache Forma-
tion, On the southeast, the axial trace continues
beyond the border of the map area, and the
Franciscan assemblage is extensively exposed
for many miles along the core of the fold (see
Koenig, 1963).

The Big Canyon syncline is also a complex
fold. Along the middle reaches of its axial trace
on the Big Canyon road about 3 miles north-
west of Middletown, 1t is isoclinal, and its axial
surface dips steeply to the north, However, itis
less tightly appressed and loses its isoclinal
character to the northwest. The strata in-
volved in this syncline are those of unit [V;
most of the north limb of the fold was cut off by
the Big Canyon fault,

The Howard Springs piercement structure
in the western part of the area is an uplifted
structural block bordered by two high-angle
reverse faults, the Childers Peak fault of Brice
(1953) on the north and the Big Canyon fault
on the south, The axis of the structure trends
northwest-southeast for about 8 miles. Both
ends of the structure are covered by Cenozoic
strata and alluvium, The rocks exposed in the
uplifted  block are unit [ and underlying
serpentinite. Border faults at the margins of the
structure, the serpentinite of low density in the
central block, and an over-all archlike shape
suggest this structure may be diapiric, As its
axis follows fold trends of the Coast Ranges, it
may have formed during late Cenozoic oro-
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genesis. Uplift and erasion of the central block
may have been very rapid, for the structure is
overlapped by tufls of the Cache Formation
which was dated by Becker (1888) as Plio-
cene-Pleistocene in age in the region cast of
Clear Lake. The age of the tufls directly overly-
ing the Howard Springs structure, however, is
not definitely known.

TIME AND SETTING
OF THRUSTING

The inferred timing of the major tectonic
events that affected the area is summarized
in Table 3. Because rocks as young as Cam-
panian and Maestrichtian occur within the
thrust complex of the Great Valley sequence,
the structural relations of the lower Tertiary
beds to the Mesozoic rocks provide critical in-
formation about the time of thrusting, Un-
fortunately, exposures ol the contact are poor
in most places, ubscured by surficial materials
or vegetation, Flowever, cast ol Lower Lake
(C8), exposures on a grassy hillside are adequate
to show that Palcocene strata there are in
thrust contact with unit la of the Great Valley
sequence not far from exposures of the Francis-
can assemblage below the Soda Creek thrust.
The mudstones and thin sandstone interbeds of
unit fa are dislocated by minor shear surfaces
for at least 100 feet beneath the contact with
the structurally overlying Paleocene rocks.
Along the contact are discontinuous pods of
serpentinite, metagabbro, and greenstone form-
ing a sheared sheet, locally 100 It thick, that
delineates the thrust surlace, as do similar
sheets along structurally lower thrusts within
the Great Valley sequence. The  massive
Palcocene sandstones adjacent to the thrust
are shattered and  mineralized by pyrite

ChronoLocie Seguines or Dervostrionat and Tucronie Evenes Asviering Rooks
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2. Deposition of the lower Tertiary marine beds above the Great Valley

sequence in moderately shallow, warm waters,

3. Tectonje emplacement of the Great Valley sequence above the

7
Separate origin of the Franciscan assemblage and the Gres

at Valley Late Jurassic to Late Cretaceous
Palcocene 1o Eocene

Oligocene and carlier (7)

Franciscan assemblage by thrusting, with subsidiary thrusts cutting the

Great Valley sequence and the lower Tertiary beds.

4. Uplift and erosion of the area, No record of Oligocene and Miocene

deposition.

i

5. Late Tertiary-early Quaternary orogeny affecting carlier thrusts and

Probably lite Eocene or
Oligocene to probably carly
Pliocene

Phiocene-Pletstocene

unconformities in the area. Synorogenic deposition of the fresh water
Cache Formation, Volcanism in the final stages of Cache deposition,

6. Uplift and erosion of the region with continuing intermittent voleanisn,

Late Pleistocene to Recent
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weathered to Jimonite for a distance of 50 to
100 {t from the contact. Other contacts of
lower Tertiary strata with Mesozoic rocks are
too poorly exposed to permit observations of
stimilar quality, but are inferred to be folded
scgments ol this thrust. South of Lower Lake
(136), where the thrust contact is questioned
.on the map, the lower Tertiary strata may be in
depositional contact with unit 1V, the young-
est part of the Great Valley sequence,

As the lower Tertiary succession includes
Itocene beds, the last thrust movements were
apparently at least as young as Eocene, North-
west of Clear Lake, recent work by Berkland
(1969) shows that Paleocene and Eocene strata
are also present with strata of the Great Valley
sequence in a large klippe in thrust contact with
the Franciscan assemblage. There is no evidence
cither there or southeast ol Clear Lake to in-
dicate when the thrusting began or if the move-
ments occupied some span of time. Nor is there
evidence in either area to indicate the latest
possible date of thrust movements with satis-
factory precision. However, field relations near
Round Valley along regional tectonic strike,
but 75 miles to the northwest, suggest the hy-
pothesis that the youngest regional thrust
movements were post-Locenc but pre-Miocene,
Reconnaissance of that arca suggests that the
Cretaceous, Paleocene, and INocene succession
mapped by Clark (1940) isa large klippe resting
upon the underlying Franciscan assemblage
along a thrust contact, The outcrop patiern
of Clark’s map shows the contact to be dis-
cordant to bedding in the succession above the
thrust. In the same area, Miocene strata as-
signed by Clark (1940, p. 131-138) (0 the
Temblor Formation rest unconformably on the
Franciscan assemblage, which by then evidently
had been exhumed locally by crosion. Thick
conglomerates in the local Miocene section
contain abundant pebbles of graywacke, vein
quartz, red and green chert, greenstone, and
serpentine derived from the underlying Pran-
ciscan rocks, The Miocene sandstones contain
plentifu] chromite, glaucophane, and lawsonite
mdicative of a Franciscan provenance in the
heavy mineral fraction (Clark, 1940, p. 136~
137). By contrast, Cretaccous conglomerates
of the inferred klippe contain a different pebble
assembluge: similar to these found clsewhere
in the Great Valley sequence. Moreover, the
lower Tertiary sandstones within the inferred
klippe lack chromite, glincophane, and law-
sonite, but contain garnet, which is absent in
the Mincene sandstones. In the area we have

mapped near Clear Lake, the lower Tertiary
sandstones also contain garnet as well as stauro-
tite, but lack glaucophane (Brice, 1953, p. 28,
30).

The available evidence thus suggests that
the close of the period of regional thrusting of
the Franciscan assemblage beneath the Great
Valley sequence and overlying lower Tertiary
strata was no older than Oligocene. This sug-
gested timing may have significant bearing on
general conecepts of the tectonic evolution of
coastal California. Dickinson and Grantz (1968)
have argued that the present framework of
steep fauls reflecting a late Cenozoic regime of
regional strike-slip related to the San Andreas
system was probably preceded in time by a
framework of regional thrust faults, Termina-
tion of the carlier regime of deformation by
juxtaposition of great crustal slabs along thruses
may have coincided with initiation of the later
regime ol strike=slip. It is of interest to note
that the evidence for cumulative oflset of suc-
cessively older strata in the Southern Coast
Ranges suggests that the San Andreas fault may
have been active since Oligocene time, but
inferences of more ancient strike-shp move-
ments along the fault are questionable (Grantz
and Dickinson, 1968). Crowell (1962), working
in southern California, and Dot (1965), work-
ing in southwestern Oregon, have also implied
that strike-slip along major faults with norch-
westerly trends related to the San Andreas
system may have begun at about Oligocene
time.

The tectonic setting of the thrusts is open to
various interpretations in detail. However, the
lithology and petrology ol the stratigraphic
units of the Great Valley sequence in the study
area are generally comparable to those of cor-
relative parts of the Great Valley sequence in
the main outcrop belt to the east. This circum-
stance leaves little doubt that the strata now
found within the thrust complex were con-
nected to the rocks of the main outcrop belt
before thrusting. The predominance of turbi-
dites with southerly paleocurrent indicators
in both areas suggests not only that the unis
now exposed in the two separate arcas were
laterally continuous at the time of deposition,
but also that the thrust plates and slices were
not rotated or disoriented -to any marked
degree with respect to strata in the main out-
crop belt,

On a regional scale, most exposures of the
Great Valley sequence lie east of most exposures
of the Franciscan assemblage. Therefore, the
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juxtaposition of the two masses of rock at the
Soda Creek thrust would seem to require either
(a) overthrusting of the Great Valley sequence
with a westerly component of movement, or
(b) underthrusting of the Franciscan assem-
blage with an easterly component of move-
ment. Overthrusting and underthrusting have
only a relative meaning on a local scale, but il
relative movement with respect to the external
mass of the Sicrra Nevada is taken into account,
the two terms are not synonymous, Strata of
the Great Valley sequence in the subsurface
cast of the main outcrop belt rest unconform-
ably without decollement on the Sierra Nevada
block under the whole length of the Great
Valley, and limited exposures ol the contact
are known in the Sierra Nevada foothills,
Therefore, if the thrust complex of the study
area was emplaced by gravitational over-
thrusting, the detachment zone must lie within
the main outcrop belt or just west ol it. Pre-
vious workers have not detected any evidence
suggestive of the presence of structures that
might be related to detachment in that region.
Consequently, the hypothc§is that the thruse
complex may have been formed by u.ndcr—
thrusting of the Franciscan assemblage is at-
tractive. As the Franciscan is commonly
thought to have been deposited on occanic
crust, further work may give substance to this
hypothesis by relating it 1o sea-floor sprcud%ng
(for example, Page, 1969). Either overthrusting
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or underthrusting of the types discussed might
equally well account for the observation that
all the subsidiary thrusts above the Soda Creek
thrust place younger rocks above older rocks.
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however, appears to pass into highly deft
aussive graywackes with some pebhle
glomerates in the vicinity of the cast bord
the map area, These conglomerates lie nea
projection of the strike line of conglomer.a:
the Great Valley sequence to the nortly
Buce (1953) believed them 1o be part o
sime conglomeratic belt, even though he 1
ditferences in the elast types and in the
of induration. The age of the Franciscan ;.
m the area could not be ascertained
vertamty, but in other parts of the €
Ranges, the Franciscan assemblage has vic!
fossils of Late Jurassic (Ttthonian) to
Cretaceous (Turonian) age,
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The Great Valley sequence in the area
cludes approximately 35,000 {t ol ol
sedimentary strata that range in age from |
Jurassic to Late Cretaceous, It is eXposed
three drregular belts thae structurally ove
vine basalts, Andesites and Dacites) ~the Franciscan assemblage. Lithologic ¢
actenstics, petrologic variations, and pu
current indicators within the Great V'
sequence in the study area are closely com

- able 1o those of correlative parts of the 1
UNCONFORMITY belt of exposure on the west ’sitfc of the Sac-

e~~~ UNCONFORMITY

LAVA FLOWS (/ncludes o/f

(Sub-Recent—~ Recent)

QUATERNARY

> ¢ rash mento Valley whicl will be referred 1o sint:
o . ilts and bedded luffs of fres as the main helt in this report,
E CACHE FORMATION {52%/,}'06;/q:iio{:‘/{7;70:0/31;0‘;;//5;/';2;‘;58'0’5/0V0 flows in Within the S“’fi)f area, 'h,c Grear V!
- sequence can be divided stratigraphically o
2 the upper part) ’ . o
K . four main segments. Three are apparently o
e ﬂl- , tormable successions of strata, and the lous
Z o includes several isolated., fault-hounded )
< o sures ol apparently similar age. Because
W UNCONFORMITY faulting, the relative ages ol the four segn G
cannot be demonstraed by physical supe
> = e N pusitil(m, lful di::c{cl cviglcncu i'mn; fossils .
- . ) ortoborative evidenee [ : Wonern |
0<I: o - MARINE SEDIMENTARY ROCKS (7m =Martinez Formation of un‘l‘({ or 1.11,\2 L‘\fi.("(l}u from pc‘lm.u‘g_\‘ pa.rv“
=< o T TERTIARY ) ne age-massive, structureless sandsfones in satisfactory correlation ol most parts of
= S ARRRARI SR =AREES f/;aa e/ooc:gr part ond mudstones and some conglomerates sequence (see Pig, 3), The stratigraphy of 1+
8:.1 " e in the upper part; T=undifferentiated Martinez and 3 o four segments is deseribed first in the follows |
e Tejon Formation of Eocene age) : ()MC;; lhmrlpcnl'ology ;uuq stroctural relatios
c are discussed in later sections:
l © (;) The oldest strata, widely exposed in
o 45 gna 24DV aorrow inaicate study arca (see Fig. 2), are an apparently cor
- PN S T""" Folded mrust, dip <di:,p and hochur,es denote upperJ ) l}mn);lbh' succcssi(;l r;)mging n ]:!‘Igc from
plate Jurassic  (Tithonian) 1o Ilarly  Cretaceor
(Bermasian and Valanginian) on the basis o
. ; species of Buchia,
Palyn = Palynomnrph i ! (2) Younger Lower Cretaceous strata, in ..
apparently conformable suceession of homo -

agous lithology and petrology, are expose
only in the southern mare ol (L et o
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