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ABSTRACT 

STRUCTURE AND PETROLOGY OP THE PACIFIC RIDGE AREAS, 

COLUSA AND LAKE COUNTIES, CALIFORNIA 

by 

Alex Tula 

The Pacific Ridge area, located in the northeastern 

Franciscan terrain, consists of a broad anticlinorium plung¬ 

ing southeast. The core of the anticlinorium is comp¬ 

osed of glaucophane lawsonite schists and related rocks of 

the Goat Mountain Metamorphic Complex. Structurally over- 

lying the Goat Mountain Complex, and separated from it by 

the Pacific Ridge Thrust, are faintly metamorphosed gray- 

wacke sandstones that are exposed on the flanks of Pacific 

Ridge and eastward to the Coast Range Thrust. 

Glaucophane-lawsonite schists of probable basalt par¬ 

entage comprise most of the Goat Mountain Metamorphic Com¬ 

plex, with metachert, metagraywacke, and serpentinite also 

occurring. The glaucophane porphyroblasts in these rocks 

often contain relict cores of green hornblende. This, to¬ 

gether with occasional occurrences of relict garnet and 

clinopyroxene indicates an earliest metamorphic event of 

amphibolite or eclogite facies (Ml), followed by retrogra¬ 

de metamorphismto blueschist facies (M2). The faintly met¬ 

amorphosed sandstones on the flanks of Pacific Ridge show 

only faint zeolite facies metamorphism (M3). 

The earliest * deformational event recognizeable in the 

Goat Mountain Complex (Dla) has produced a striking glauco- 



phane foliation. The next three phases of deformation (Dlb, 

Die, and Did) have axial surfaces striking northwest to 

northeast and dipping steeply eastward. The folds are small 

and generally plunge 0 to 60 degrees north. 

The D2 event is the first deformational event which 

has effected all the rocks in the Pacific Ridge area, and 

has resulted in open, southeast trending folds with nearly 

vertical axial surfaces. The D3 event has produced open, 

north trending folds with nearly vertical axial surfaces 

and is best developed adjacent to the Coast Range Thrust. 

The final event recognized in the area (D4) consists of 

open, east trending folds with nearly vertical axial sur¬ 

faces . 

The Ml metamorphism is the earliest event to have ef¬ 

fected the area and appears to predate all recognizeable struc¬ 

tural events. The Dla deformation is contemporaneous with 

blueschist metamorphism (M2). All subsequent deformational 

phases are postmetamorphic. This sequence seems to repres¬ 

ent a decreasing pressure and temperature environment which 

probably reflects transport of the rocks back up and out of 

the northerly striking subduction zone. The D4 event cross 

cuts the preceeding structures and suggest a final phase of . 

northward directed compression which may be related to the 

cessation of subduction along western North America in mid- 

Tertiary time. 
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STRUCTURE AND PETROLOGY OF THE PACIFIC RIDGE AREA, 

COLUSA AND LAKE COUNTIES, CLAIFORNIA 

by 

Alex Tula 

INTRODUCTION 

Pacific Ridge lies in the heart of the northern Calif¬ 

ornia Coast Range, about 175 km north of San Francisco, as 

shown in Figure 1. The area is underlain by Mesozoic rocks 

of the pervasively deformed and often chaotic Franciscan 

assemblage. About 15 km to the east of Pacific Ridge the 

Franciscan rocks terminate abruptly against the Coast Range 

thrust, which separates them from the time equivalent, 

though only mildly deformed rocks of the Great Valley 

sequence. 

Rocks in the Pacific Ridge area consist primarily of 

faintly metamorphosed graywacke sandstones, which have been 

folded into a broad, southeast plunging antiform. The topog¬ 

raphy of the Pacific Ridge area reflects this structure, 

with the crest of the ridge approximately coinciding with 

the axial trace of the antiform. Along the crest of Pacific 

Ridge, erosion has stripped away the sedimentary rocks, ex¬ 

posing the underlying rocks (forming the core of the anti¬ 

form) which consist mainly of volcanic and sedimentary rocks 

metamorphosed to the blueschist facies. 

The Goat Mountain area, at the northeastern end of 

Pacific Ridge (see Figure 2), has been studied by Ernst and 

others (1970), who focussed mainly on the petrology of the 
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Figure 1. Regional setting of the Pacific Ridge area (after Bailey 

* and others, 1964, Plate l). 
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blueschist facies rocks exposed in the core of the antiform. 

Some of the regional relationships in the area have been 

studied by Brown (1964a, 1964b) who mapped the Stonyford 

quadrangle, and also the Lodoga quadrangle to the east (Brown 

and Rich, 1961). Suppe (1973j personal communication) has re¬ 

cently begun more detailed studies of the areal relationships 

in the Pacific Ridge area. 

It is now generally accepted that the high pressure-low 

temperature metamorphism of blueschist facies rocks, such as 

those at Pacific Ridge, is a product of rapid subduction of 

shallow crustal material to great depth (Cowan, 1974; Ernst, 

1971b). Less clear is the manner in which these rocks have 

been emplaced at their present shallow structural levels. 

The exposure of blueschist facies rocks at the surface can¬ 

not be merely the result of erosion to the site of metamor¬ 

phism, since at least in western California the amount of er¬ 

osion is demonstrably inadequate (Bailey and others, 1964) 

by tens of kilometers. Furthermore, erosion alone could not 

explain the commonly observed juxtaposition of the blueschist 

facies rocks with nearly unmetamorphosed rocks of diverse ages 

The kinematics of these processes should be reflected in 

the geometric and temporal relationships of the geolo ic struc 

tures. Thus far, the Franciscan has defied most attempts at 

structural analysis and only since the early 1960’s have ma¬ 

jor structures been delineated. Recent detailed mapping by 

Suppe (1973)» Cowan (1974), and other workers has uncovered a 

gross structural pattern of imbricate sheets separated by low 
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angle faults. The details of structure, however, have re¬ 

mained largely hidden from workers using conventional field 

mapping techniques. Bailey and others (1964) have attributed 

our poor knowledge of the structure of the Franciscan prim¬ 

arily to the lack of sufficiently distinctive stratigraphic 

units to be used as key beds and marker horizons. 

Outcrop scale folds and faults are common in the Franc¬ 

iscan, especially in glaucophane schists. Presumably these 

scale features have been produced by the same processes re¬ 

sponsible for the large tectonic movements which have been 

postulated. Techniques of petrofabric analysis have been ap¬ 

plied to the small scale features of other complex geologic 

terrains to determine the structural history. This study has 

attempted to apply these techniques, described by Ramsay 

(1967) and Turner and Weiss (1963) to the mesoscopic and mi¬ 

croscopic structural features in the Pacific Ridge area. 

Such analysis might overcome the general difficulties of 

work in the Franciscan and shed some light on the kinematics 

of the subduction process, at least insofar as it relates to 

the Mesozoic of western North America. 

The four subareas shown in Figure 2 were selected for 

this study. These areas were selected because of their supe¬ 

rior outcrop and apparent structural homogeneity. The four 

areas include two in the blueschist facies rocks in the core 

of the pacific Ridge antiform (also called the "high grade 

rocks" and the Goat Mountain Metamorphic Complex), one at 

Goat Mountain, the other 5 km southeast near Wilson Camp 
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(subareas I and II respectively). Subarea III is located 

along the road to Wyman Plat, on the southwest flank of 

Pacific Ridge, where road cuts up to 3 meters high provide 

comparatively good exposures of the faintly metamorphosed 

rocks (sometimes also referred to as the "low grade rocks"). 

The last subarea studied, subarea IV, is also underlain by 

the faintly metamorphosed rocks, 12 km southeast of Goat 

Mountain. The latter area is adjacent to and structurally 

below the serpentinite mass that marks the Coast Range 

thrust. 

REGIONAL SETTING 

The southeast plunging antiform at Pacific Ridge mir¬ 

rors che general southeast-northwest trend of the larger struc 

tures thus far mapped in northwestern California. These 

structures include the Coast Range thrust, which extends in 

a general southeasterly direction for nearly 200 km. Sinu¬ 

ous belts of serpentinite and many of the mapped faults and 

folds share this southeast trend. This pattern shows up 

clearly in Figure 1, and on large scale maps of California 

(Jennings and Strand, I960, and Jennings, 1973). 

The name Franciscan was first assigned to sedimentary 

and volcanic rocks of the San Francisco area by Lawson in 

l895. Subsequent investigations have expanded the range of 

lithologically and structurally similar rocks to include an 

area of nearly 40,000 square kilometers, extending irregu¬ 

larly through western California. The thickness of the Franc¬ 

iscan is not known, but a maximum thickness of 16,000 meters 
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has been estimated by Bailey and others (1964). It is be¬ 

lieved that graywacke sandstone, unmetamorphosed or only 

feebley so,_makes up 80 percent of the Franciscan (Bailey 

and others, 1964). Shale and volcanic rocks comprise 

about 10 percent each. The volcanic rocks are mainly 

pillow basalts, and all have been more or less altered and 

are frequently referred to as greenstone. Limestone, chert, 

and metamorphic rocks of the blueschist and eclogite facies 

make up less than 2 percent of the Franciscan, with pelagic 

limestone being present in only trace quantities. Although 

these last rock types are present in only small amounts, 

they have been the focus of a great deal of interest, in 

view of the sea of undistinguished sandstone in which they 

occur. 

Fossils are not common in the Franciscan but those that 

have been found indicate that parts of the Franciscan are as 

old as late Jurassic (Kimmeridgian). Fossils of late Cretac¬ 

eous (Campanian) age have long been known in the Franciscan, 

and recent discoveries have extended the upper age limit in¬ 

to the early Tertiary, at least for the western portions. 

This represents an age range of about 90 million years, with 

age generally increasing from west to east. Suppe and Armstr 

ong (1972) have determined that the age of metamorphism of 

the Franciscan ranges from 70 to 150 million years before 

present, using the K-Ar method. This encompases nearly the 

entire age range of Franciscan sedimentation and corresponds 

generally to the radiometric ages obtained for the emplace- 
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ment of the Sierra Nevada batholith, and for much of thevol- 

canism that occurred in the Great Basin (Suppe and Armstro¬ 

ng, 1972, Armstrong and Suppe, 1973)* Using the presumably 
40 39 

more accurate Ar/ Ar technique, Lanphere (1975) concluded 

that metamorphic age of the South Pork Mountain Schist, 

which lies along the northeast margin of the Franciscan (see 

Figure 1) ranges from 114 to 120 m.y.. This conflicts with 

the range of 90 to 145 m.y. reported for the South Fork Mouv* 

ntain Schist by Suppe and Armstrong (1972). In the Francis¬ 

can, Lanphere (1975) found metamorphic ages of high grade 

blueschist and eclogite knockers concentrating around 150 

m.y. (vs. 70 to 150 m.y. for Suppe and Armstrong, 1972). 

Although the data are still incomplete, these recent dis¬ 

coveries by Lanphere (1975) may indicate that the age of 

Franciscan metamorphism is more restricted than has been 

previously believed. Nevertheless, it is still apparent in 

the northeastern Franciscan that older blueschist facies me¬ 

tamorphic rocks have been juxtaposed on younger, virtually 

unmetamorphosed ones. This implies that the blueschist fac¬ 

ies rocks have been displaced by relatively large distances 

since their metamorphism. 

The Great Valley sequence underlies the area between 

the Coast Range Thrust and the Sierra Nevada range. The 

Great Valley sequence consists mainly of shale with some mi¬ 

nor graywacke sandstone, from upper Jurassic (Tithonian) to 

upper Cretaceous (Maestrichtian) in age, and is approximat¬ 

ely 12,000 meters thick (Bailey and others, 1964). Early 
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workers in California considered the Franciscan to be the 

basement on which the Great Valley sequence had been dep¬ 

osited. The fossil discoveries and radiometric dates dis¬ 

cussed previously show that the Great Valley sequence and 

the Franciscan assemblage are very nearly coeval, and that 

the earlier hypothesis of a Franciscan basement is unten¬ 

able. Suppe (1973) has emphasized that there are in fact two 

Great Valley sequences: the easterly portion, deposited on 

continental crust grading westward into a western sequence 

deposited on oceanic crust. Both sequences begin in the 

mid-Jurassic, but there is no stratigraphic continuity un¬ 

til the mid-Cretaceous. 

The occurrence of submarine basalt flows and pelagic 

sediments (principally chert and pelagic limestone) in the 

Franciscan have led many workers, most recently Maxwell 

(197^) and Coxvan (1974) to conclude that the Great Valley 

sequence and the Franciscan assemblage represent a miogeo- 

cline-eugeocline assemblage, respectively. In this model, 

the Franciscan sediments are viewed as having been deposi¬ 

ted in an oceanic trench to the west of the continental 

shelf, where the sediments of the Great Valley sequence 

were being simultaneously laid down. Outliers of Great Val¬ 

ley sequence rocks have been mapped up to 50 km west of the 

Coast Range thrust (Jennings and Strand, I960; Bailey and 

others, 1964; and Page 1966). Where these outliers are obs¬ 

erved, they lie structurally above Franciscan rocks and 

appear to be separated from them by a low angle fault, 
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which is possibly a western extension of the Coast Range 

thrust. Recently, John Maxwell and his students (Maxwell, 

197*0 have proposed that the outliers of Great Valley se¬ 

quence rocks were deposited in separate, probably fault con¬ 

trolled basins on older Franciscan rocks. In suggesting 

that these outliers are autochthonous, rather than klippen 

resulting from overthrust transport, Maxwell (197*0 is at 

odds with most modern workers in the Franciscan. In sever¬ 

al known locations (for example: Suppe, 1973, and Bauder 

and Liou, 1976) the age relations are such (older Great 

Valley over younger Franciscan) that some degree of tect- 

tonic transport is clearly required. 

The term "blueschist facies” is used here as sugges¬ 

ted by Bailey and others (1964) for rocks belonging to the 

lawsonite-glaucophane-Jadeite facies of Winkler (1973) and 

the glaucophane-lawsonite schist facies of Turner (1968). 

Experimental evidence (Crawford and Fyfe, 1965; Ernst, 1971 

a) suggests that assemblages containing lawsonite or jadei- 

te together with glaucophane or aragonite are stable under 

8 to 10 kb pressure, and temperatures of 200 to 400°C (Turn¬ 

er, 1968). Since 8 to 10 kb pressure represents an overburd¬ 

en thickness of about 30 km, the thermal gradient during Fr¬ 

anciscan metamorphism must have been about 10°C per km. This 

is considerably lower than typical "Barrovian” metamorphism 

of about 30°C per km (Turner, 1968), and even the normal su- 

boceanic gradient is about 15°C per km (Bailey and others, 

1964). Although the apparent thickness of the Franciscan is 
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adequate to develop the necessary pressure (Bailey and 

others, 1964; Suppe, 1970) the temperatures that accompan¬ 

ied such burial must have been anomalously low. It is now 

generally believed that the unusual pressure-temperature 

regime associated with blueschist metamorphism is the re¬ 

sult of rapid subduction of cold, oceanic lithosphere and 

overlying sediments to depths of at least 30 km. Subduct¬ 

ion must be rapid so as to cause a depression of the iso¬ 

therms adjacent to the descending plate. Burial by rapid 

sedimentation has also been proposed (Bailey and others, 

1964) but it can be shown that the thermal conductivity of 

the rocks is such that they would heat up far too quickly 

and result in greenschist facies conditions rather than 

blueschist (Suppe, 1973). Other hypotheses have been pro¬ 

posed, including metasomatism (Gresens, 1969) and tectonic 

overpressures (Coleman and Lee, 1962; Blake and others, 

1967; and Hsu, 1968). Experimental and field data have 

shown that neither of these can be considered to be of gen¬ 

eral significance (Ernst, 1971a). 

Rapid subduction to great depth has been described as 

"tectonic burial” by Suppe (1969) and the Coast Range 

Thrust has been interpreted as marking the location of the 

ancient subduction zone by Ernst (1970) and others. At pres¬ 

ent, little is known about the process whereby the rocks are 

removed from the great depths of blueschist facies condit¬ 

ions and emplace'd adjacent to unmetamorphosed or slightly 

metamorphosed rocks. Ernst (1971b) has suggested that the 
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rocks, having been subducted to great depth, are out of isd- 

static equilibrium with their upper mantle environment. The 

stresses resulting from this disequilibrium then act to 

force the rocks back to shallow structural levels. 

In recent years, a remarkable structural pattern con¬ 

sisting of stacked, fault bounded sheets has been emerging 

in the northeastern Franciscan. This pattern has been ob¬ 

served in the Leech Lake Mountain - Ball Mountain area, 70 

km north of Pacific Ridge, by Suppe (1973)» and in the 

Pacheco Pass area, 160 km southeast of Pacific Ridge, by 

Ernst and others (1970). This pattern is also present at 

Pacific Ridge (Suppe, 1973; and this report). This pattern 

has led Suppe (1970, 1973) to refine the earlier models of 

Ernst (1971b) by suggesting that blueschist rocks are trans¬ 

ported as sheets back out of the subduction zone along faults 

such as the thrust contact at Pacific Ridge. 
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LITHOLOGY 

Subareas I and II are both underlain by lawsonite- 

glaucophane schist and chert, with lesser amounts of ser- 

pentinite, metagraywacke and micrograywacke, and trace 

amounts of other more exotic rock types. Subareas III and IV 

on the other hand are underlain by thin to medium bedded 

graywacke sandstone and siltstone. Subareas I and II rep¬ 

resent a lower structural unit with lithologies that are 

grossly different from those in the upper structural unit 

(represented by subareas III and IV). Forty five thin sec¬ 

tions were examined during this study to determine the rock 

types present in the four subareas and their structural and 

metamorphic history. Due to the similarity of the rocks in 

subareas I and II, the lithologies of these two subarea are 

described together. Similarly, the observations of the rocks 

from subareas III and IV are described together in a later 

section. 

Subareas I and II 

Lawsonite-glaucophane schist, metachert, and metagray¬ 

wacke are present in both subareas I and II. The rocks of 

subarea II generally seem finer grained than those of sub- 

area I. In addition to these rock types, subarea I includes 

outcrops of two rock types not observed in subarea II: horn- 

blendeite and quartz-plagioclase-biotite schist. Both of the 

latter two rock types were observed at only one outcrop each. 

The rocks of both subareas I and II appear to have been met¬ 

amorphosed to at least the blueschist facies as indicated by 
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the presence of lawsonite together with glaucophane and 

aragonite. It appears from field observation that all the 

rocks occurring below the Pacific Ridge Thrust and out¬ 

cropping along the crest of Pacific Ridge have been sub¬ 

jected to blueschist facies metamorphism. The relationships 

between the different lithologies on Pacific Ridge are very 

complicated and at present they defy conventional attempts 

at differentiation. For this reason, it is suggested that 

the name Goat Mountain Metamorphic Complex be assigned to 

the collection of rocks lying below the Pacific Ridge 

Thrust, including those in subareas I and II. 

The petrology of the blueschist rocks around Goat 

Mountain has been studied previously by Ernst and others 

(1970). In the area around Goat Mountain (including subarea 

I of this report) my petrographic studies have largely sub¬ 

stantiated the earlier work. This report, however, has ex¬ 

tended the range of lithologically similar rocks to include 

all the rocks along the crest of Pacific Ridge to about 11 

km southeast of Goat Mountain. The age of metamorphism of 

the Goat Mountain Metamorphic Complex was determined by 
i, 

Suppe and Armstrong (1972) to be about 148- 3 m.y. for a 

specimen from the vicinity of subarea I, using the K-Ar 

technique. This age agrees closely with ages obtained by 

Lanphere (1975) for blueschist rocks in the Franciscan dat- 
39 40 

ed by the Ar/ Ar method. 

Glaucophane Schist 

Glaucophane schist is the most common rock type in the 
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Goat Mountain Metamorphic Complex. The rocks are usually 

fine grained (microscopic) although some specimens from sub- 

area I have glaucophane porphyroblasts up to 5 mm in size. 

The rocks are usually strongly foliated in outcrop, and 

weather to a blueish gray or dark rusty gray color. When 

fresh, the rock is usually a deep blue. Foliation surfaces 

are often marked by intersection lineations. On some of the 

coarser grained specimens, mineral lineations can be seen 

on the foliation planes. The rocks are easily weathered and 

outcrops are not prominent. 

The amphibole glaucophane is the characteristic mineral 

of these rocks and imparts the typical blue color. Glaucoph¬ 

ane may comprise nearly the whole rock, and commonly exceeds 

three-quarters of the total. As observed in thin sections 

from subareas. I and II, glaucophane typically occurs as par¬ 

allel, elongate, euhedral grains. The glaucophane grains in 

rocks from subareas I and II are strongly pleochroic (color¬ 

less to dark blue) and frequently contain relict cores of 

earlier green amphibole, possibly hornblende (Ernst and 

others, 1970). Nearly every specimen of glaucophane schist 

examined during this study had examples of relict green am¬ 

phibole cores, such as that shown in Figure 3. 

Lawsonite commonly occurs in the glaucophane schist, 

but usually makes up less than one percent of the rocks. It 

occurs as- small, microscopic, isolated euhedral grains. 

Garnet is a rare acessory mineral in the glaucophane 

schists. In most specimens, it occurs only as a relict 
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Figure 3* Glaucophane porphyroblasts cored, with relict green 

hornblende (plain light). 

Figure 4. Relict garnet in glaucophane schist. The garnet is altered 

to chlorite, lawsonite, pumpellyite and glaucophane (plain light). 
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pseudomorph, mainly altered to chlorite, lawsonite, pump- 

ellyite, and glaucophane. Two chemical analyses were per¬ 

formed on the rims of these garnets by Ernst and others 

using the electron microprobe in one case and the 

gravimetric method in the other. Ernst and others (1970) 

point out that there is at present inadequate information 

to draw firm conclusions about the chemistry of the garnets 

at Goat Mountain. An example of an altered garnet is shewn 

in Figure 4. In one thin section examined during this study, 

small colorless unaltered garnets were observed, as shown in 

Figure 5. No chemical analysis was performed on these grains 

Clinopyroxene is a rare acessory mineral in some glauc¬ 

ophane schists. Occurrences are usually fine grained and 

highly altered to chlorite, glaucophane, lawsonite and pump- 

ellyite. Ernst and others (1970) identified one specimen of 

clinopyroxene from Goat Mountain as aegerineaugite using 

gravimetric chemical analysis. The analysis showed that 

sample to be low in sodium relative to typical jadeitic or 

omphacitic pyroxene of the Franciscan. The best example of 

clinopyroxene observed during this study is shown in Figure 

6. No jadeitic pyroxene was observed in the glaucophane 

schists during this study, nor was any mentioned by Ernst 

and others (1970), reflecting no doubt the incompatible 

chemistry of these rocks. 

White mica, identified by Ernst and others as phengite, 

occurs as a minor phase in nearly all glaucophane schists of 

Pacific Ridge, and occasionally may make up as much as five 
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Figure 5- Small, anhedral grains of clear, unaltered garnet in 

glaucophane schist (plain light). 

Figure 6. Comparatively fresh clinopyroxene porphyroblast in 

glaucophane schist (x-nicols). 
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percent of the rock. Pumpéllyite also occurs frequently In 

the glaucophane schists, but usually makes up less than one 

percent of the rock. Another frequent accessory mineral, 

which occurs only in small amounts, is calcium carbonate, 

which was identified by Ernst and others as aragonite. 

Accessory minerals with more sporadic occurence in¬ 

clude quartz, albite (often largely altered to white mica 

and glaucophane), chlorite, sphene, and clinozoisite. 

The overwhelming textural feature of the glaucophane 

schists is the striking foliation formed by the parallel¬ 

ism of the amphiboles and to a lesser degree the micaceous 

minerals. This foliation is clearly visible in most hand 

specimens, and is the dominant fabric element in thin 

section. Younger kink bands can sometimes be seen in thin 

section and may be related to the observed intei’section li- 

neations. Replacement textures have been noted earlier: 

euhedral glaucophane with cores of relict hornblende, and 

garnet pseudomorphs of chlorite, lawsonite, and glaucophane. 

Metachert 

The metamorphosed chert of subareas I and II forms co¬ 

nspicuous, erosion resistant outcrops as ledges and occasio¬ 

nal bluff as much as 10 meters high. The fresh rock is us¬ 

ually white to gray in color. The metacherfc is the only rock 

type in the Goat Mountain Metamorphic Complex (subareas I 

and II) in which sedimentary bedding is still discernible. 

Bedding in the metachert ranges from a few centimeters to 

several meters, but is commonly about one-half to one meter. 

19 



The thinly bedded metachert is often interbedded with met¬ 

amorphosed micrograywacke. Foliation may be faintly visi¬ 

ble in outcrop. 

The metachert consists of at least 95 percent quartz, 

occurring in equigranular, fine to medium grains. Riebeck- 

ite occurs as a small percentage of nearly every sample. 

The riebeckite occurs as small, strongly pleochroic (color¬ 

less to dark blue), needle like grains, randomly oriented 

and evenly distributed throughout the rock. The riebeckite 

grains usually appear as though "penetrating" the quartz 

grains. 

Muscovite, or probably phengite (Ernst and others, 

1970), may make up as much as two percent of the rock. The 

muscovite usually occurs at quartz grain boundaries. Musco¬ 

vite grains may show slight parallelism, making a faint mi¬ 

croscopic foliation.Stilpnomelane occurs as a small percent 

of some specimens. The observed occurrences are similar to 

and usually associated with muscovite. The stilpnomelane is 

distinguished from muscovite by the brown color and strong 

dark brown pleochroism of the former. Garnet and sphene 

were observed in metachert at Goat Mountain by Ernst and 

others (1970), but were not noted during this investigation. 

The metachert consists basically of an equigranular 

mass of quartz. The quartz appears to be polygonized, but 

may show undulatory extinction. A faint foliation may be 

defined by the micas, but it often cannot be discerned in 

thin section. 
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Metagraywacke 

Metagraywacke comprises only a few percent of the 

rocks observed in the Goat Mountain Metamorphic Complex. 

Metagraywacke is restricted mainly to subarea I, although 

outcrops are also present along the flanks and crest of 

Pacific Ridge. The rocks are easily eroded and generally 

form very subdued outcrops, or are exposed in stream gull¬ 

ies. The metagraywacke is pale tan in color and strongly 

foliated and lineated. The metagraywacke of the Goat Moun¬ 

tain Metamorphic Complex can be distinguished in the field 

from the graywacke of subareas III and IY (nearly unmeta¬ 

morphosed) by the very much higher degree of shearing ob¬ 

vious in the former. The rocks appear to be feldspathic 

graywackes, with albite forming the main detrital compon¬ 

ent, often up to 40 percent of the total. Other original 

sedimentary constituents include quartz, chert, and shale 

chips. Metamorphic minerals have developed principally 

through recrystallization of the matrix. They include mus¬ 

covite, minor amounts of pumpellyite and stilpnomelane. No 

jadeitic pyroxene was observed, although it was reported 

by Ernst and others (1970). 

As in hand specimen, the most obvious textural feat¬ 

ure of the metagraywacke is the conspicuous foliation. The 

foliation is produced largely by muscovite and stilpnome¬ 

lane in the matrix and also by ribbon textured and elongat 

ed quartz. Individual grains are often quite angular. Al¬ 

bite is usually clear to slightly clouded and surprisingly 
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little altered 

Finer grained equivalents of the metagraywacke, 

"micrograywacke", have also been observed in the Pacific 

Ridge area. These rocks form orriy a very minor percentage 

of the outcrops, howevever. 

Minor Rock Types 

Serpentinite occurs in scattered outcrops throughout 

subareas I and II. The rocks appear highly sheared and 

slickensided, and are wholly altered to serpentine miner¬ 

als, actinolite, and minor amounts of pyrite, magnetite, 

and chromite. 

A single outcrop in subarea I consists almost wholly 

of moderately altered hornblende, with minor amounts of 

muscovite and opaque minerals. A faint foliation is visi¬ 

ble in thin section due to alignment of the amphiboles, 

but it cannot be seen In outcrop. 

Quartz-plagioclase-biotite schist occurs in one out¬ 

crop in subarea I. The rock consists of quartz, albite, and 

biotite in nearly equal proportions, with lesser amounts of 

glaucophane and stilpnomelane. The rock is strongly folia¬ 

ted, and may represent the metamorphic equivalent of a 

quartz-keratophyre or similar rock. 

Subareas III and IV 

Subareas III and IV appear to be representative of an 

extensive terrain north and east of Pacific Ridge. This 

area is underlain by thin to medium bedded feldspathic gray- 

wacke sandstone, and finer grained equivalents. The rocks 
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are buff to gray in color and easily eroded. The suscep¬ 

tibility to erosion and the frequent landslides result in 

very poor exposure of these rocks. In hand specimen, a 

faint foliation can be seen more or less parallel to the 

bedding planes. Sedimentary structures, such as graded 

bedding and bottom marks were not observed during this 

study. 

The rocks contain abundant albite, which makes up 30 

to 50 percent of the rock. The albite may be slightly al¬ 

tered but is usually quite fresh in appearance. Rock frag¬ 

ments of chert, trachytic volcanics, and carbonaceous shale 

make up about 20 percent of the rocks studied. Ernst and 

others (1970) also report the presence of detrital serpen¬ 

tine, now mainly converted to chlorite, although none was 

noted in this study. Quartz is a minor component in all 

rocks, usually occuring as clear, unstrained grains making 

up less than 10 percent of the rock. The fine grained ma¬ 

trix may amount to as much as 50 percent of the rock, and 

consists mainly of fine grained albite and rock fragments. 

Other minerals which occur only in the matrix include chlo¬ 

rite, muscovite, stilpnomelane and carbonate. 

The graywacke sandstones are very poorly sorted rocks, 

with a maximum grain size of about one millimeter. The 

grains are very angular. The slight foliation visible in 

hand specimen appears to be the result of the alignment of 

the platy minerals in the matrix. 
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METAMORPHISM 

The effects of metamcrphisn in the Pacific Ridge area 

can be divided into two strikingly different categories: 

the totally recrystallized blueschist facies rocks of the 

Goat Mountain Metamorphic Complex seen in subareas I and 

II, and the feebly metamorphosed sandstones of subareas III 

and IV. The latter lie above the Pacific Ridge Thrust. 

The low grade rocks in subareas III and IV have been 

little effected by metamorphism: grain boundaries are usual¬ 

ly. sharp, original sedimentary features are still distinc- 

t, and few grains show significant recrystallization.The fo¬ 

liation, faintly visible in hand specimen, is distinctive in 

thin section and is due' to parallelism of elongate grains 

and slight recrystallization of the matrix Into micaceous 

minerals. The principle associations of the faintly meta¬ 

morphosed sandstones are quartz, albite, and rock fragments 

as original detrital minerals, with muscovite, chlorite, 

and stilpnomelane having recrystallized from the original 

matrix. The lack of prehnite or pumpellyite in these rocks 

indicates that they had not reached the prehnite-pumpell- 

yite-metagraywacke facies, and the lack of heulandite and 

laumontite suggests that they had not fully reached zeol¬ 

ite facies. 

In contrast to the low grade rocks, the rocks lying 

below the Pacific Ridge Thrust, as shown in subareas I and 

II have been largely recrystallized during blueschist 

facies metamorphism. Clastic rocks have suffered extensive 
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shearing and recrystallization and the crystallization of 

new mineral phases. The original sedimentary nature of these 

rocks is barely detectable and in some specimens nearly in¬ 

visible. The glaucophane schists of the Goat Mountain Meta- 

morphic Complex do not show any premetamorphic textural fea¬ 

tures. Chemical analyses by Ernst and others (1570) and Seki 

and others (1969) indicate probable basalt parentage. The 

typical mineral assemblage for the glaucophane schists (gla- 

ucophane-lawsonite-pumpellyite) has been characterized by 

both Turner (1968) and Winkler (1967) as the result of blue- 

schist metamorphism of mafic volcanic rocks. 

Many of the blueschist facies rocks of the Goat Moun¬ 

tain Metamorphic Complex show evidence of an earlier, high¬ 

er temperature and/or pressure facies assemblage. This has 

been largely obliterated by recrystallization during blue- 

schist metamorphism but is still evident in many specimens. 

The most obvious feature, and occuring in at least half of 

the glaucophane schist specimens studied are hornblende 

cores rimmed with euhedral glaucophane. This along with the 

presence of relict garnets has been interpreted by Ernst 

and others (1970) as evidence of an earlier amphibolite 

facies metamorphic stage. The clinopyroxenes (identified as 

aegerine-augite by Ernst and others, (1970) which occur in 

rare samples are difficult to explain, since they appear to 

be incompatible to both the amphibolite facies and also the 

blueschist facies in mafic igneous rocks. According to 

Turner (1968) and Winkler (1967)» clinopyroxene is a stable 
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metamorphic mineral in rocks of this chemistry only in the 

granulite and eclogite facies. The identification of the 

clinopyroxene as aegerineaugite appears to be based on 

limited petrographic and chemical evidence. It seems like¬ 

ly that with the clinopyroxene, as with the relict garnet, 

the chemistry is not well enough known at present to draw 

firm conclusions. Retrograde metamorphism from amphibolite 

to blueschist facies has not been previously reported in 

the Franciscan; however, Bloxam (1959) has documented an 

occurrence of retrograde metamorphism from eclogite to 

blueschist facies near Valley Ford, California, where rocks 

of nearly unaltered eclogite grade into glaucophane-law- 

sonite schists. In these rocks, the first alteration is of 

clinopyroxene (omphacite) to glaucophane and relict -çlino- 

pyroxene. . With continued retrograde metamorphism, garnet 

is recrystallized to chlorite, lawsonite, pumpellyite, and 

glaucophane. Additionally, Borg (1956) has observed in rocks 

near Healdsburg the transformation of omphacite to horn¬ 

blende, and then in turn to glaucophane, lawsonite and chlo¬ 

rite, as part of a similar retrograde sequence. This para- 

genesis is remarkably similar to the observed features of 

the Goat Mountain Metamorphic Complex. Chemical analyses of 

eclogites from the Franciscan presented in Bailey and others 

(1964) and Bloxam (1959) do not differ appreciably from ana¬ 

lyses of the mafic schists of Goat Mountain (Ernst and 

others, 1970)- Indeed the Franciscan eclogite chemistry is 

remarkably similar to that of most analyzed mafic volcanics 
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and glaucophane schists of the Franciscan. Bailey and others 

(1964, p. 106) have suggested that many of the eclogites in 

the Franciscan have been the result of very high pressure 

metamorphism of Franciscan volcanic and sedimentary rocks. 

There are it seems, two alternative hypothesis for the 

metamorphic history of the rocks of the Goat Mountain Meta- 

morphic Complex (subareas I and II): either an early amphib¬ 

olite phase (as suggested by Ernst and others, 1970) or 

an early eclogite phase. This was then followed by retro¬ 

grade .metamorphism to the blueschist facies. The chemical 

and petrologic data are at present too sparse to decide 

which of the earlier phase interpretations is correct. A 

possible pressure-temperature evolution for these two al¬ 

ternatives is shown in Figure 7. The amphibolite-to-blue- 

schist path (line C-D Figure 7) would require substantial 

reduction in temperature at nearly constant pressure, while 

the eclogite-to-blueschist path requires large pressure re¬ 

ductions with only slight lowering of temperature. While 

either path is theoretically possible, the eclogite-to- 

blueschist path seems more compatible with current tectonic 

models of Franciscan metamorphism and with other local¬ 

ities of known retrograde metamorphism in the Franciscan. 

The apparently stable and unaltered garnets observed 

in one specimen during this study pose some additional dif¬ 

ficulties to interpretation of the metamorphic history. Tur¬ 

ner1 (1968) has identified garnets as a stable phase in 

some California blueschists with glaucophane and lawsonite, 
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although this occurence does not appear to be common and 

is as yet unidentified in other areas of blueschist meta¬ 

morphism. It seems possible that garnet might be a stable 

phase in the blueschist facies at very high pressure where 

it becomes nearly transitional to the eclogite facies, as 

suggested by Essene and others (1965). If this is indeed 

the case, then the metamorphic history for the Goat Mount¬ 

ain Metamorphic Complex involving retrograde metamorphism 

from the eclogite facies would seem still more appealing. 

As with the relict garnet and clinopyroxene, however, a 

lack of chemical data prevents a clear interpretation at 

present. 
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Figure 7* Metamorphic facies and hypotheses for the metamorphic 

history of the Goat Mountain Metamorphic Complex (subareas I and II). 

Facies diagram is after Turner (1968). Line A-B represents an' 

eclogite-to-blueschist history suggested in this report, whereas 

line C-D represents an amphibolite-to-blueschist history as suggested 

by Ernst and others (1970) 
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In summary it appears that the Goat Mountain Meta¬ 

morphic Complex has been subjected to two periods of meta¬ 

morphism. The earliest of these (Ml) was a high pressure 

and/or high temperature phase of the amphibolite or ecl- 

ogigite facies. This was followed by retrograde metamor¬ 

phism to the blueschist facies (M2). A third phase of 

metamorphism (M3) is of very low grade zeolite facies. The 

M3 event is the only metamorphic event to have effected 

the rocks above the Pacific Ridge Thrust (subareas III and 

IV). The M3 event is not specifically observed in the 

rocks below the Pacific Ridge Thrust belonging to the Goat 

Mountain Metamorphic .Complex, but the M3 event may repre¬ 

sent a continuation of the retrograde sequence. 

30 



STRUCTURE 

Introduction 

The small scale features of the rocks of the Pacific 

Ridge area reflect a structural history much more complex 

than is apparent from large scale regional mapping such as 

that shown in Figure 2 and in Brown (1964a). The rocks of 

the Goat Mountain Metamorphic Complex in subareas I and II 

appear to have been subjected to at least seven episodes 

of deformation. The earliest' of these events, named Dla, 

has produced a striking foliation (Sla) visible in outcrop 

and thin section. The subsequent three phases of deforma¬ 

tion cannot be clearly defined in the field as to sequence, 

but all appear to fold the Sla foliation. Since the sequence 

of these events cannot be well established, they are 

named Dlb, Die, and Did to avoid connotation of sequence. 

The last three phases of deformation to have effected the 

area are of considerably different style, orientation and 

scale, than those preceeding. The sequence of the last 

three phases can be determined in the field, and therefore 

the more conventional nomenclature D2, D3, and D4 is used 

for those episodes. 

The structural history of the lower grade rocks of 

subareas III and IV is much simpler, consisting of four 

phases. The earliest recognized phase of deformation is 

named D1 in these rocks. D1 in subareas III and IV may or 

may not correlate with one of the early deformational 

phases of the Goat Mountain Metamorphic Complex (Dla, Dlb, 
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or Did). All the subsequent phases of deformation in sub- 

areas III and 17 can be compared directly to D2, D3, and 

D4 of subareas I and II. 

Fold axial lineations (L) and axial surfaces (S) are 

shown on stereographic projections for each subarea in 

Figures 8 through 13. Fold axes mapped in the field and 

measured SI planes are shown on the tectonic maps of each 

subarea in Figures 14 through 17. The extreme structural 

complexity makes it impossible to portray all the struct¬ 

ural data on maps of a convenient scale. 

The D1 Event in Subareas I and II 

Dla 

The earliest identifiable deformational event in the 

Goat Mountain Metamorphic Complex (subareas I and II) has 

produced a penetrative foliation resulting mainly from align¬ 

ment of glaucophane grains. The Sla foliation is most 

conspicuous textural feature of the rocks of the Goat Moun¬ 

tain Metamorphic Complex. Very few mineral lineations could 

be observed and measured in subarea I, and none were obser¬ 

ved in subarea II. The observed mineral lineations are 

plotted on Figure 8 and may indicate the axial lineation of 

the folding phase. Unfortunately, there is insufficient struc¬ 

tural data to make any clear interpretation as to the slip 

direction of the Dla event. At one location in subarea II, 

shown in Figure 18, bedded chert was seen to be isoclinally 

folded. The foliation of this outcrop is so poorly develop¬ 

ed, however, that it is not clear from hand specimen or thin 
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Figure 18. Isoclinal fold in thin bedded chert in subarea II. 

This may represent an Fla fold. 

Figure 19. Sharp crested Fib fold in glaucophane schist. 
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section whether this is an Fla fold or if the foliation 

has been isoclinally folded with the bedding. In general, 

rocks of subareas I and II have been so strongly metamor¬ 

phosed that original bedding cannot be seen, and therefore 

Fla folds are difficult to observe. 
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Figure 20. Fid folds in glaucophanitic chert. 

Figure 21. Fid folds in glaucophane schist. 
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Figure 22. Photomicrograph of Fid fold from subarea II. Dark colored 

grains are mainly stilpnomelane (plain light). 

Figure 23. Isoclinal fold in sandstone in subarea III. It is not 

clear if this is a tectonic or depositional feature. 
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Dlb 

The Dlb event has resulted in sharp-crested nearly 

chevron like folds with length and amplitude commonly under 

25 cm. An example of an Fib fold is shown in Figure 19- Dlb 

folds seem to be better developed in the finer grained . ... 

rocks in subarea II than in subarea I. The axial surfaces 

of the Fib folds strike generally to the southeast and dip 

approximately 80°. The fold axes plunge generally north¬ 

west 10° to 30°. 

Die 

The fold included in Die are more variable in scale 

and orientation. They may actually represent more than one 

phase, and may include folds of other phases mistakenly 

assigned to this phase in the field. The folds are small, 

open to slightly assymetric, with lengths from a few centi¬ 

meters to less than a meter. The orientations of the axial 

surface and fold axes are shown in Figures 8 and 10 do not 

show any clearly defined pattern. 

Did 

The Fid folds are readily identified in the field as 

having isoclinaliy folded the Sla foliation. The folds are 

generally small and more evident in the finer grained rocks. 

Typical examples of Fid folds in the Goat Mountain Metamor- 

phic Complex are shown in Figures 20 and 21. Figure 22 is a 

photomicrograph of a thin section cut normal to the Fid 

fold axis (normal to Lid). The specimen is from subarea II 

and clearly shows the isoclinal folding of the Sla foliat- 
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ion. The 31d surface (plotted in Figures 8 and 10) appears 

to strike approximately north-south and dip 70 to 80 de¬ 

grees east. The Lid axial lineations are of quite variable 

plunge, especially in subarea II, but generally fall on a 

north-south striking great circle (see Figure 10). 

The D1 Event in Subareas III and IV 

The D1 event is not well developed in subareas III 

and IV. The event is shown primarily by a faint but per¬ 

sistent foliation visible in both hand specimen and thin 

section. Several isoclinal folds with axial surfaces para¬ 

llel to the foliation were observed in subarea III and are 

plotted in Figure 12. No such folds were observed in sub- 

area IV. The pattern of fold axial lineations (LI) shown 

in Figure 12 does not have a consistent pattern, so it is 

likely that not all the observed isoclinal folds are indeed 

FI folds. The isoclinal fold shown in Figure 23. for example, 

may be of nontectonic origin, such as soft sediment slump¬ 

ing, since the relationship of the foliation to the struct¬ 

ure could not be clearly established. 

The D2 Event 

The D2 event marks an abrupt change in style and scale 

of deformation in the region. In all four subarea, the 

event is marked by open, somewhat asymmetric fold with leng¬ 

ths of 0.5 to 5 meters. The folds are best developed in sub- 

areas III and IV. The axial surfaces (S2, Figures 9> 11, 12, 

and 13) strike generally southeast to south-southeast and 

dip 70 to 90 degrees southwest or northeast. The fold axes 
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trend generally southeast and plunge from 0 to 40 degrees. 

The crest of the F2 folds are occasionally broken by small 

faults^of limited offset. The best examples of these faults 

can be seen in subarea III. The large antiformal structure 

forming Pacific Ridge appears to be a D2 feature by virtue 

of the similarity of orientation of the gross axial sur¬ 

face and fold axis. 

The D3 Event 

The D3 event is well developed only in subarea IV, 

where it consists of open, concentric folds with lengths 

from 1 to 5 meters. The fold axes trend generally to the 

south, plunging from 10 to 40 degrees. The axial surfaces 

are approximately vertical and strike north-south. The 

folding phase can be observed in all subarea, but is much 

less well developed than in subarea IV. In subarea IV, the 

D3 event can be seen to be refolding outcrop scale folds 

of the earlier D2 event. 

The P4 Event 

The best examples of the D4 event can be seen in sub- 

area I, north of Goat Mountain, where metachert beds have 

been folded into open, concentric folds with lengths of a 

few meters. The S4 axial surface strikes generally east- 

northeast and dips 70 to 90 degrees. The fold axes (L4) 

plunge generally 0 to 30 degrees east or from 0 to 10 de¬ 

grees west. In subarea II the F4 folds can be clearly seen 

to be refolding earlier F2 folds, while in subarea IV, the 

folds can be seen clearly refolding F3. The D4 event can 
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be seen in all the subareas studied during this project 

and appears to be the last deformational event to have 

effected the area. 
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TECTONIC IMPLICATIONS 

With "tectonic burial” now largely accepted as the 

most reasonable explaination for Franciscan metamorphism 

(Suppe, 1969; and Ernst, 1975) the remaining problems are 

mainly associated with mechanisms involved in burial and 

subsequent emplacement at shallow depth. The tectonic bur¬ 

ial process is most easily understood in light of the con¬ 

tinental margin underthrusting of an oceanic plate that 

was almost certainly occurring along the west coast of 

North America during Mesozoic time. A more difficult mat¬ 

ter is how the rocks, once metamorphosed, reached their 

present, relatively shallow structural levels and were jux¬ 

taposed against nearly unmetamorphosed rocks of diverse age. 

At Pacific Ridge, the oldest still recognizeable tectonic 

feature is the Ml metamorphism of amphibolite or eclogite 

facies. The record is faint and has been largely masked by 

later structural and metamorphic events. The Ml metamorph¬ 

ism appears to predate all the identified deformational 

events. The Ml metamorphism required substantial elevation 

of temperature and pressure and presumably reflects sub¬ 

duction of lithospheric material to depths of 30 km or 

more. Any record of the deformation which may have occured 

during subduction has been completely obliterated by sub¬ 

sequent metamorphism and deformation. It is therefore un¬ 

likely that the complete kinematic history of the rocks in 

Goat Mountain Metamorphic Complex will ever be known. The 

seven deformational events that have been identified in 
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subareas I and II appear to reflect a decreasing pressure 

environment. These were therefore probably produced on the 

way out of the subduction zone, with a transport direction 

opposite to that of the descending slab. 

The blueschist facies metamorphism (M2) appears to 

have accompanied the Dla deformation, together producing 

the conspicuously foliated glaucophane schists seen in sub- 

areas I and II. Insufficient data is presently available to 

evaluate with any accuracy the slip vector associated with 

this deformation. 

The Dlb, c, and d, events in subareas I and II post¬ 

date the M2 (blueschist) metamorphism and fold the Sla fol¬ 

iation. They are similar to each other in scale and orien¬ 

tation and not greatly different in style. At least in Dlb 

and Did, the axial surfaces (Sib and Sid) strike generally 

northwest, and dip steeply northeast. The. axial lineations 

(Lib and Lid) plunge generally to the northwest. The orien¬ 

tation of these tectonic elements may reflect a deforma¬ 

tion environment of a northwest dipping subduction zone 

and a tectonic transport direction to the southwest. 

The D1 event in subareas III and IV may represent an 

isoclinal folding phase that accompanied M3 metamorphism 

(zeolite facies). The LI orientations shown in Figure 12 

are variable, but if the single south plunging point is neg¬ 

lected, then the general pattern is of northwest-southeast 

trend with gentle plunge. This combined with the near 

horizontal attitude of the SI foliation also suggests a 
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SNOW MOUNTAIN 

WIST CAST 

WEST EAST 

B. 

GOAT MOUNTAIN 

GIAUCOPHANE SCHIST 
AND RELATED ROCKS 

PlllOW BASALT ANO 
PYROClASTlCS 

FAINTLY MET^^ORPOSED 
SllTSTONE ANO 5ANOSTON6 

Figure 24. Three interpretations of the structure in the vicinity 

of Goat Mountain* A, from Brown,(1964a); B, Ernst and others (1970); 

C, this report. 
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south-westward directed slip vector. 

The D2 deformation is the first event which clearly 

has effected all four subareas in a comparable manner. It 

seems probable that the D2 Event marks the time at which 

the rocks of the Goat Mountain Metamorphic Complex and the 

low grade rocks (represented by subareas III and IV) were 

juxtaposed along the Pacific Ridge Thrust. In their 1970 

work, Ernst and co-workers show the blueschist facies rocks 

at Goat Mountain to structurally overlie the nearly unmeta- 

morphosed sandstones in a low angle fault contact. This 

interpretation may assume that the low angle fault at Goat 

Mountain is a southerly branch of the Stony Creek fault, 

which Brown (1964a) mapped in the northern part of the 

Stonyford quadrangle as placing unmetamorphosed volcanic 

rocks over low grade clastic metasedimentary rocks. The 

low grade clastic rocks are similar in appearance to the 

low grade rocks on the flanks of Pacific Ridge (subareas 

III and IV) and so far as is known are structurally con- • 

tinuous with them. Additional study by Suppe (1973} pers. 

commun.) and field work done during this report (see Fig¬ 

ure 2) has shown that the original interpretation of Ernst 

and others (1970) is incorrect, and that the nearly un¬ 

metamorphosed rocks structurally overlie the blueschist 

facies metamorphic rocks of the Goat Mountain Metamorphic 

Complex. The different interpretations are shown in Figure 

24. The thrust contact between the upper and lower plates 

can be followed rather closely for several miles along the 
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west side of Pacific Ridge, where the fault dips about 30 

degrees southwest. Near subarea II, the low grade rocks lap 

nearly on to the crest of the ridge. Along the east side of 

Pacific Ridge, the contact is largely obscured by land¬ 

slides in the north (near Goat Mountain) but is exposed 

farther south. 

This revised interpretation of the structure at Paci¬ 

fic Ridge suggests that at least three distinct thrust 

sheets are present in the Stonyford quadrangle. The high¬ 

est of these is the Stony Creek thrust sheet, lying above 

the Stony Creek fault, and carrying on it the volcanic 

rocks of Snow Mountain. Beneath the Stony Creek fault are 

the faintly metamorphosed graywacke sandstones including 

those of subareas III and IV, which lie above the Pacific 

Ridge Thrust. Below the Pacific Ridge Thrust are the rocks 

of the Goat Mountain Metamorphic Complex, (including sub- 

areas I and II) with no exposed base. This interpretation 

is necessarily tentative as mapping of sufficient detail 

has not been completed north and east of Pacific Ridge. 

This pattern is similar to the structural relations ob¬ 

served by Suppe (1973) in the Leech Lake Mountain area (70 

km north of Goat Mountain) which includes a sequence of 

five imbricate thrust sheets, consisting of both high grade 

metamorphic rocks and virtually unmetamorphosed rocks. Also 

similar is the structural pattern at Pacheco Pass, about 

160 km southeast of Pacific Ridge (Ernst and others, 1970; 

Cowan, 1974). 
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The folding accompanying the D2 event has axial sur¬ 

faces striking generally northwest and dip approximately 

vertical. The fold axes plunge 0 to 30 degrees. The F2 

folds are especially well developed in subarea III (Figure 

12) where the low grade rocks are only slightly above the 

Pacific Ridge Thrust. As with previous deformational phases 

the-D2 event can be viewed as a response to northeast- 

southwest directed compression. 

The D3 event, consisting of north-south trending folds 

with near vertical axial surfaces and subhorizontal plunge, 

is well developed only in subarea IV. This suggests that 

the north-south trending folds are related to movement’on 

the Coast Range Thrust, which is structurally immediately 

above subarea IV. The Pacific Ridge antiform, most likely 

an F2 fold, appears to be cross cut by the Coast Range 

Thrust (see Figure 2) and this relationship can be seen 

elsewhere in the Franciscan, where the Coast Range Thrust 

seems to truncate earlier structures (see for instance 

maps by Suppe, 1973; and Jennings and Strand, 1964). This 

suggests that either the D3 folding represents a rejuvena-- 

tion of an older Coast Range Thrust, or that the Coast 

Range Thrust is itself a comparatively young feature, and 

does not represent the mesozoic subduction zone as has been 

suggested by some workers. 

The deformational events leading to and including D3 

all appear to be related to movements within the generally 

northwest striking subduction zone. The blueshcist facies 
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rocks of the Goat Mountain Metamorphic Complex appear to 

have been transported to their present relatively shallow 

structural level as a slab thrust up and back out of the 

subduction zone. The faults along which these rocks have 

moved must have roots at least 30 km deep. 

Recent studies in modern island arcs tend to substa¬ 

ntiate this "backward-thrusting" process. In the Sunda Arc, 

Beck and Lehner (197*0 have interpreted reflection profiles 

as showing low angle faults which appear to be transporting 

rocks up and oceanward out of the trench area. Their pro¬ 

files seem to show that these faults aslo involve oceanic 

basement. In several other trench areas, Karig (197*+) has 

observed oceanward thrusting of trench sediments, and has 

proposed this as the primary structural style of continen¬ 

tal accretion at Pacific-type margins. In the Ultramafic 

Belt of eastern Papua, Rod (197*+) has recently reinterpre¬ 

ted what had been considered to be a classic example of 

Coleman's (1971) obduction model (Davies and Smith, 1971)* 

Rod's (197*+) reinterpretation was stimulated by apparent 

difficulties in adapting the obduction model to the obser¬ 

ved outcrop pattern and to the gravity anomaly pattern. In 

his reinterpretation, it appears that slices and pods of 

ultramafic and blueschist rocks have been thrust upwards 

out of the subduction zone at least 20 km. Rod (197*+) 

suggests that large, deep seated rock bodies rose rapidly 

along major faults and were "squeezed out" toward the 

surface. It seems that the process of thrusting of deep 



seated rocks back up, out of the subduction zone may be 

the major tectonic feature of the high pressure belts of 

paired metamorphic sequences, although the motive force 

remains uncertain. 

The last folding phase in the study area, D4, con¬ 

sists of open, N60E to east trending folds with gentle 

plunge of less than 20 degrees and approximately vertical 

east-striking axial surfaces. These folds cross cut the 

earlier structures and are discordant to all other major 

structural trends of the northeast Franciscan. Rich and 

Steele (197*0 have observed east to east-northeast trend¬ 

ing linear features on ERTS-1 imagery of northern Cali¬ 

fornia. In their study, these structures appear in a belt 

extending across the California Coast Ranges north of San 

Francisco to about 50 km north of Clear Lake, into and 

across the Sacramento Valley. Rich and Steele state that 

this linear system appears to cross cut and overprint all 

the earlier structures, and therefore postdates them. 

While easterly trending systems have not been discussed to 

great extent, they can be seen on most geologic maps of the 

northeast Franciscan. For instance, a few such structures 

can be seen on the Redding and Ukiah sheets of the Geologic 

Atlas of California (Strand, 1962; and Jennings and Strand, 

I960, respectively) and several east trending faults are 

shown in this area on the more recent Fault and Geologic 

Map of California (Jennings, 1973)- East to east-northeast 

trending fold axes and faults are also shown on the geolo- 
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gic map of the Stonyford quadrangle (Brown, 1964a) around 

Goat Mountain and farther to the north. Generally east-west 

folds have also been mapped by Suppe (1973) in the Leech 

Lake Mountain-Ball Mountain area, and by Ernst and others 

(1970) at Pacheco Pass. 

The east-west trending folds observed in this and oth¬ 

er studies, and the east-west lineations seen on ERTS-1 

imagery pose a peculiar enigma in the generally southeast 

trending tectonics of the Franciscan. These features appear 

to represent the last stage of deformation in the region, 

and appear to be unrelated to the earlier phases of sub¬ 

duction dominated tectonics. Although it is largely con¬ 

jectural at this time, it may be that these features re¬ 

flect a period of north-south compression related to the 

subduction of the East Pacific Rise and the stress system 

which may have existed at the formation of the San Andreas 

fault. The N30W strike of the San Andreas seems compatible, 

from a mechanical standpoint, with northward directed com¬ 

pression, and the mid-Tertiary origin of the fault (Atwater, 

1970) compares favorably with the probable timing of the 

east-west folds in the Franciscan. 
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CONCLUSIONS 

The analysis made during this study have identified 

the sequence of deformational and metamorphic events assoc-, 

iated with the transport of the blueschist facies rocks at 

Pacific Ridge from great depth within the subduction zone 

to their present relatively shallow structural levels. At 

least at Pacific Ridge, the record of original subduction 

to such great depth has been so pervasively overprinted by 

later events as to defy meaningful analysis. It does not 

seem likely that the complete kinematic history of the 

blueschist facies rocks at Pacific Ridge will ever be known 

The tecniques of detailed structural analysis that have, 

been employed during this study have proven to be especial¬ 

ly useful in determining the deformational events which 

followed the juxtaposition of the blueschist facies rocks 

with the nearly unmetamorphosed sandstones. In view of the 

limited stratigraphic tools available, it seems probable 

that this sort of analysis will play an increasingly valu¬ 

able role in the Franciscan terrain. 
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