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ABSTRACT 

Structure and Petrography of the Middle Feather River 

Ultramafic Body, Plumas County, California 

Larry A. Standlee 

The ultramafic body on the Middle Fork of the Feather River is 

a typical Alpine-type peridotite. It has fabrics and mineral assem¬ 

blages indicating formation in the upper mantle. It is surrounded 

by Paleozoic(î) me tasedimentary and metavolcanic rocks of eugeosyn- 

clinal origin. The ultramafic rocks and accompanying amphibolite 

body have undergone two phases of metamorphism, while the country 

rocks exhibit one low-grade greenschist metamorphism. Three defor- 

mational phases are recognized in the ultramafic body. The earliest 

recognizable foliation probably formed in the upper mantle, with la¬ 

ter structures associated with emplacement into the crust. Petrofabric 

analyses of olivine and enstatite reveal preferred orientations re¬ 

lated to the first, deep seated deformation. The ultramafic body is 

believed to have formed as a rising diapir in a marginal basin. The 

closing of this basin in Permo-Triassic time caused the ultramafic 

rocks to be thrust westward into an island arc that was moving east¬ 

ward with the closing of the basin. 
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INTRODUCTION 

Geographic Setting 

The Kiddle Fork of the Feather River is located in the Sierra Nev¬ 

ada Foothills of northern California. The area studied is at latitude 

39050»N and longitude 121®00'W, approximately 75 miles northwest of 

Lake Tahoe (Fig. l). The preponderance of peaks at 5000 to 6000 feet 

elevation reflects the late Mesozoic and early Cenozoic uplift and pene- 

planation that affected the region. Plateaus are heavily forested and 

the best outcrops are generally found in the deep river canyons that cut 

across the northwesterly structural trend. The canyon of the Middle 

Fork of the Feather River is 2500 to 3000 feet deep, has steep walls with 

little vegetation, and offers excellent exposures of the pre-Tertiary 

rocks that underlie this part of northern California. Since the regional 

trend is almost perpendicular to the river direction, a cross-section is 

available of the rock units under consideration. 

Previous Work 

The Downieville quadrangle, which includes the Middle Fork of the 

Feather River in the northwest corner, was first mapped by Turner (1897). 

He grouped all of the Paleozoic metasedimentary rocks into the Calaveras 

Formation, which on the basis of questionable fossil evidence he believed 

to be Carboniferous in age. He mapped the metavolcanic rocks in the area 

as amphibolite of indeterminate age. Diller (1892) named the Paleozoic 

rocks north of Quincy the Shoo Fly Formation, and for many years the 

names Calaveras and Shoo Fly were used interchangeably. The most recent 

Geologic Map of California (Burnett and Jennings, 1962) shows the Paleo¬ 

zoic rocks in this area as "undivided Paleozoic marine". Clark et al. 
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(1962) proposed restricting the name Shoo Fly to the rocks east of 

the Melones Fault Zone and Calaveras to those rocks west of the Melones. 

The Shoo Fly is lithologically similar to the fossiliferous Tay¬ 

lorsville Formation to the northeast, which McMath (1966) believed to 

be Silurian in age. Both the Shoo Fly and the Taylorsville Formations 

are overlain with angular unconformity by the pyroclastic Sierra Buttes 

Formation of probable Devonian age (McMath, 1966; Hietanen, 1973b); 

this places an upper limit on the age of the thick Shoo Fly Formation. 

Creely (1965) described fossils present in limestones, believed to be 

part of the Calaveras Formation, from near Lake Oroville and tenta¬ 

tively assigned a Permian age to. them. Hietanen (1973a) mapped the 

Pulga and Bucks Lake quadrangles, to the west of the study area, and 

subdivided the Paleozoic rocks west of tte Melones into two major div¬ 

isions: a lower, me ta sedimentary unit which she called the Calaveras 

Formation, and an upper, primarily metavolcanic sequence, consisting 

of three units: the Franklin Canyon, Duffey Dome, and Horseshoe Bend For¬ 

mations. The units are separated by faults or unconformities (in areas 

where the contacts have not been covered by Tertiary volcanics). The 

Calaveras Formation consists of interbedded metacherts and phyllites; 

Hietanen correlated this unit with parts of the Silurian(?) Shoo Fly 

Formation, on lithologic grounds only, as no fossils have been found. 

Overlying the Calaveras is the Franklin Canyon Formation, a sequence 

of low potassium, calc-alkaline metavolcanic rocks that Hietanen suggests 

were formed in an island arc environment. Above this unit is the Duffey 

Dome Formation, consisting of a potassium-rich suite of metavolcanic 

rocks. A very heterogeneous unit of interbedded, strongly folded meta¬ 

sedimentary and metavolcanic rocks (metabasalt through metarhyolite) 
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called the Horseshoe Bend Formation overlies the previous units in 

places and is thought to be the youngest of the formations (Hietanen, 

1973a)• Lithologic similarities with the pyroclastic sequence to the 

northeast, in the Taylorsville area (McMath, 1966), lead Hietanen to 

suggest that these metavolcanic rocks represent Devonian to Permian 

volcanic activity. Hietanen*s work indicates that rocks earlier be¬ 

lieved to be Mesozoic may be predominantly Paleozoic in age. 

Most of the recent work done in the Sierra Nevada Foothills has 

been concentrated along the Melones Fault Zone and in the adjacent rocks. 

The Melones is the major structural feature of the northern Sierra Nev- 

adas, yet relatively little is known about it. Until recently, the fault 

zone and accompanying ultramafic rocks were thought to have formed 

during the late Jurassic Nevadan orogeny that supposedly produced the 

prominent northwesterly regional trend of the area (McMath, 1966). 

Clark (i960, 1964) and Cebull (1972) believe the Melones to be a strike 

slip fault; Taliaferro (1942) thought it tb be largely dip-slip, and 

Davis (1969) suggested that it is a thrust fault that has been rotated 

to a sub-vertical position by later regional tilting. The possibility 

of two or more periods and directions of movement cannot be discounted, 

because structures within the fault zone such as minor fold axes, 

stretched pebbles, and slickensides often yield contradictory indications 

of the kinematic history of the Melones. 

The summary of previous work indicates that very little is known 

about the pre-Tertiary rocks of the northern Sierra Nevadas. Regional 

Correlations are difficult due to the heterogeneous lithology, scarcity 

of fossils, several periods of folding and metamorphism, and to a series 

of faults that divide the area into separate tectonic slices of different 
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lithologies. The structural pattern is similar to that found in the 

Klamath Mountains to the northwest; Irwin (1966) has suggested that the 

Klamaths are merely an extension of the Sierra Nevada province. The 

presence of ultramafic bodies along major faults in both areas (Davis, 

1969) is another indication of closely related orogenic histories. 

Purpose of Study 

Ultramafic rocks form lenses and linear bodies that outcrop along 

the Melones Fault Zone for much of its 200 mile length (Fig. l). Clark 

(I960) studied the central and southern parts of the Foothills Fault Sys¬ 

tem, of which the Melones is the largest and most easterly, and Hie- 

tanen (1973a) briefly described the ultramafic rocks along the Melones 

several miles north of the Middle Fork of the Feather River. However, 

the ultramafic body which outcrops continuously for nearly four miles 

along the river south of Quincy has not been studied in any detail. 

"Alpine-type peridotites" (Thayer, 1967) have recently been interpreted 

as derivatives of the upper mantle that were originally formed at 

oceanic spreading centers and later tectonically emplaced in orogenic 

belts along continental margins (Vfyllie, 1969* Dewey and Bird, 1970). 

These ultramafic bodies commonly display structures and metamorphic 

grades not found in the surrounding country rocks, thus indicating an 

earlier tectonic history. Internal structures of the ultramafic body 

along the Middle Fork of the Feather River are compared with regional 

structures to aid in distinguishing any exotic features from those de¬ 

veloped in situ (Plate I). Preferred orientations of primary mineral 

assemblages presumably reflect conditions during initial formation and 

emplacement at an oceanic spreading center; therefore, petrofabric 

analyses should reveal these early deformational events that are usually 
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obscured by later tectonism, 



COUNTRY ROCKS 

The country rocks on both sides of the ultramafic body have been 

examined within several hundred yards of the contact (Fig. 2). Heayy 

vegetation often conceals relationships between the different lithologies 

in the Shoo Fly and Calavefas Formations. However, a brief description 

of their petrography and structure is included for the purpose of cor¬ 

relating such features as metamorphic grade and structural style be¬ 

tween the country rocks and the ultramafic rocks. 

Shoo Fly Formation 

The me ta sedimentary rocks to the east are separated from the ultra¬ 

mafic body by the Melones Fault Zone. They belong to the Shoo Fly For¬ 

mation, according to Clark et al. (1962), and consist of phyllites, 

micaceous quartzites, and widely scattered lenses of partially recrys¬ 

tallized limestone. The contact between the metasedimentary rocks and 

the ultramafic body is a serpentine shear zone up to 100 yards wide. 

Fragments of both ultramafic and country rocks are tectonically inter¬ 

mixed within the fault zone. 

Petrography 

The phyllites have varying amounts of quartz, with some rocks 

being siliceous enough to be called micaceous quartzites (Table I). 

These rocks are gray to light brown and fine grained. Individual mica 

flakes, which give the phyllite a silky sheen on foliation surfaces, 

are sometimes visible with a hand lens. Quartz-rich layers several 

feet thick are intercalated with the phyllite; the contacts are grada¬ 

tional. Thin, micaceous layers form a crude foliation in the quartz-rich 

layers. Mica flakes become noticeably larger and more abundant near the 

fault contact. Unidentifiable, equant porphyroblasts in the phyllite 
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Figure 2. Lithologie map of study area 
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are also concentrated within 20 to 30 yards of the contact. 

The phyllites have a pronounced lepidoblastic texture resulting 

from the parallelism of muscovite flakes. The muscovite is fine grained 

(0.01 mm) and forms idioblastic, tabular crystals, either alone or in 

parallel books of several flakes. With few exceptions, the muscovite 

lies with its basal plane in the foliation plane. Biotite forms flakes 

up to 0.2 mm long, sometimes intergrown with muscovite but more commonly 

at a small angle to the foliation. Biotite makes up 10# at most of the 

total mica. 

The quartz content ranges from 20 to 80# in the rocks sampled. 

The grains commonly are sub-angular, occasionally rounded or augen- 

shaped, and range in size from 0.05 - 0.5 mm. The quartz grains are 

usually embedded in a matrix of mica, even in the most quartz-rich 

rocks; interlocking, granoblastic-polygonal textures are rare. The 

majority of the quartz grains display undulatory extinction. 

Angular grains of poly synthetically twinned sodic plagioclase 

(An^Q_2o* An-content of all plagioclase has been determined by the 

Michel-Levy method) as large as 1 mm are present. The grains are all 

sericitized to some degree. Feldspar content of the phyllite is highly 

variable, from almost zero to nearly 25# in some samples. 

Large (1 cm), xenoblastic porphyroblasts are found along the fault 

contact. They have a helicitic texture, with several degrees of rota¬ 

tion relative to the external foliation. The foliation can be followed 

through the porphyroblasts by numerous small, round opaque grains that 

outline the foliation plane. The original composition of the porphyro¬ 

blasts cannot be determined because they have been completely seri¬ 

citized and any diagnostic crystal shape has been obliterated. 
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Chlorite, calcite, and opaque minerals are minor constituents 

of the phyllites. Chlorite occurs as fibrous, sub-parallel patches 

and lenses intergrown with muscovite. Some chlorite is replacing bio- 

tite. Calcite forms xenoblastic patches and crosscutting veins in the 

phyllite. These veins are relatively undeformed. An opaque mineral, 

probably magnetite, is present as small (<0.01 mm), xenoblastic grains, 

commonly lining foliation planes. It is usually associated with chlorite. 

A small lens of limestone, approximately two miles east of the study 

area, was briefly examined. It is completely surrounded by phyllite of 

the Shoo Fly Formation, the contact being very sharp and distinct. 

The limestone has an oolitic texture; it is partially recrystallized, 

but original features can still be recognized. 

Structure 

Bedding (SQ) in the metasedimentary rocks is obscured by the per¬ 

vasive foliation (S^) which is well developed in the phyllites and less 

so in the quartzites. The quartz-rich layers probably represent sedi¬ 

mentary bedding; other sedimentary structures are lacking. SQ para¬ 

llels S^ where they are present together in thin sections. Although no 

fold hinges in original bedding were seen, Hietanen (1973a) has de¬ 

scribed isoclinal folds in the immediate area which have an axial plane 

foliation. 

The most distinctive structural feature in the Shoo Fly rocks is 

the axial plane cleavage (S^). S^ trends approximately N30W and is 

nearly vertical, with variations in dip of ±20°. S^ has a consistent 

orientation, roughly parallel to the regional trend of the area and 

usually parallel to the Melones Fault Zone. Small deviations in the 

strike of S^ are common near the Melones, however, where S^ generally 
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trends more to the north, about N10-20W, and remains steeply dipping. 

The foliation in the rocks along the fault zone has an anastomosing 

pattern; these rocks could be termed "phyllonites" (Spry, p.231, 1969), 

as they have a lenticular structure, and pre-existing disrupted folia¬ 

tions can be seen. Folds in S^ have not been observed in the study 

area. 

Greenstone 

A narrow belt (up to 100 yards wide) of highly sheared, greenish 

foliated rocks borders the Melones Fault for about one mile on both 

sides of the river (Plate I). The foliation in the greenstone (S^) 

dips 90±10°, and generally parallels the dominant N30W regional trend 

represented by in the nearly phyllites of the Shoo Fly Formation. 

The contact with the phyllites is obscured by thick soil cover, and the 

western contact with the ultramafic body is a strongly deformed zone 

in which the foliation is chaotically disrupted. 

The rocks are predominantly composed of green chlorite, forming 

sub-parallel fibers that define S^ (see Table I). Lenticular areas of 

foliated chlorite have been rotated several degrees from S^, Augèn* 

shaped pods up to 1 cm in length contain xenoblastic, rounded quartz 

and plagioclase (An^^g) grains in a fine grained calcite matrix. 

Albite twinning is common in the plagioclase. Minute, xenoblastic grains 

of titanite are present throughout the rock. 

Eastern Fault Block 

In the southeast corner of the study area, bounded on the east 

by the Melones Fault and on the west by the ultramafic rocks, is a 

block covering approximately one square mile (Plate I). It consists 

predominantly of dark phyllite; a small outcrop of varicolored, 
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massive metachert is present on an isolated hilltop near the center 

of the block. The lithology of this block is distinctly different 

from the phyllites and quartzites of the adjacent Shoo Fly Formation 

east of the Melones Fault Zone. 

The phyllite is dark gray to black and very fine grained. 

A lepidoblastic texture results from intergrown chlorite and 

muscovite flakes which comprise nearly 90$ of the rock (see Table 

I). Chlorite also forms veinlets cutting across the rock. Augen- 

shaped pods up to 1 mm long contain granoblastic-polygonal quartz 

grains; several small plagioclase grains were detected associated 

with the quartz. An elongate, opaque mineral lies in the foliation 

plane. 

The metachert is massive and heavily fractured. In thin section, 

the rock is composed almost entirely of quartz, with muscovite being 

a minor constituent (see Table I). The majority of the quartz is 

very fine grained (0.001 - 0.01 mm) and displays a granoblastic- 

polygonal texture. Bands up to 1 mm thick, with boundaries outlined 

by parallel mica flakes, contain coarse grained (<1 mm), xenoblastic 

quafrtz. These large quartz grains commonly have undulatory extinc¬ 

tion. The grain boundaries of the large quartz are outlined by 

smaller (0.01 mm in length), granoblaStic-elongate quartz extending 

into the larger grains. This gives the bands a distinctive mortar 

texture; in some cases, the smaller grains appear to have completely 

consumed the large quartz grains. 

The bands of larger size quartz grains separate areas of grano¬ 

blastic-polygonal quartz that have different amounts of muscovite. 

The amount of muscovite commonly varies from zero in one layer to 
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about 2/6 in an adjacent layer. The fine grained (0.02 mm) muscovite 

flakes give the mica-rich layers a faint lepidoblastic texture} 

this plane is parallel to the bands of coarse grained quartz. This 

regular compositional variation appears to define an original sedimen¬ 

tary bedding. 

The bedding (S0) in the metachert can sometimes be seen in 

outcrops as thin, contrasting color bands. SQ trends approximately 

N40W and dips ?0-80°NE. Sj, or possibly S2, is a closely spaced 

fracture cleavage that is oriented N-N30W and dips 75-90°HE. 

Original sedimentary bedding is not evident in the phyllite that 

comprises most of the block. It is probably obscured by the strong 

foliation that is present. in the phyllite trends about 

N-N15E and dips 70-90®SW, markedly different from in the meta¬ 

chert. Lineations on in the phyllite plunge about 604 to the 

south. 

The boundaries of the block can only be approximately located 

due to the thick soil cover and heavy vegetation. The southern 

boundary is formed by the Tertiary pyroclastic rocks that cover 

the higher elevations in the area. The eastern boundary is a 

serpentine shear zone that appears to mark the trace of the Melones 

Fault. Serpentine is present along the edge of the block and is 

found in the bottom of small streams and gullies that cut into the 

phyllite of the block; the fracture cleavage of the serpentine in 

these stream bottoms parallels that of the serpentine in the nearby 

shear zone (Plate I). The western contact with the ultramafic body, 

where not covered by Tertiary pyroclastics and basalts, is a zone 

in which the foliation in the phyllite (S^) has been somewhat 
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reoriented with shallower dips than normal. However, the wide 

serpentine shear zone that is usually present along the margin of 

the ultramafic body is absent. 

Calaveras Formation 

The country rocks to the west, separated from the ultramafic 

body by the Rich Bar Fault, consist of a complex mixture of meta¬ 

sedimentary and metavolcanic rocks. The metavolcanic rocks are 

shown on the Geologic Map of California (Burnett and Jennings, 1962) 

as "Jura-Trias metavolcanic rocks", but Hietanen (1973a) suggests 

that they are middle to late Paleozoic in age. The two rock types 

have been thoroughly intercalated. Schweickert and Wright (1975)» 

mapping in the Calaveras Formation to the south, have described 

it as "virtually a melange with few mappable units". A brief exam¬ 

ination of the country rocks near the contact with the ultramafic 

body reveals rocks of different lithologies commonly juxtaposed; 

however, separate rock units can be mapped over a wide area, 

indicating that this is not a true melange. Heavy iron staining, 

the formation of clay minerals from weathering processes, and the 

fine grain size of most rocks combine to make precise mineral 

identification difficult. 

Petrography 

Greenish-brown foliated rocks outcrop at Oddie Bar (Plate I). 

The foliation is caused by contrasting bands of fine grained min¬ 

erals, but the rock is not schistose and shows little tendency to 

break parallel to the foliation. The rock is composed of epidote, 

chlorite, and albite with minor actinolite, quartz, and calcite 

(see Table I). Epidote is the most abundant mineral, comprising 
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about 50$ of the rock. It occurs as equant, xenoblastic grains 

( <0.1 mm) scattered uniformly through the rock. Albite grains are 

untwinned and form a granoblastic texture; they are present in pods 

and discontinuous layers that define the foliation. Chlorite is 

interstitial to the epidote and albite, and is concentrated in faint 

layers of sub-parallel flakes that also contribute to the foliated 

appearance of the rock. Actinolite forms small (0.01-0.05 mm in 

length), acicular needles that are randomly oriented and are usually 

associated with the albite. Xenoblastic quartz and calcite occur 

together in crosscutting veinlets. 

Rocks with approximately the same mineralogy outcrop northwest 

of Oddie Bar (see Table I). Superficially they appear to be a comple¬ 

tely different rock type, being of a uniform light green color, very 

soft, and readily broken along foliation planes. In thin section epi¬ 

dote is again the most abundant mineral, with albite, chlorite, and 

actinolite present in smaller amounts. Folded layers of contrasting 

mineralogy are readily seen on a microscopic scale. Lighter layers 

are composed of sub-parallel actinolite needles up to 0.1 mm in length 

and very fine grained (0.01 mm) granoblastic albite. Darker layers 

consist mainly of equant, xenoblastic (0.05 mm) epidote grains with 

interstitial chlorite. 

Intercalated with the epidote-rich rock is a light brown mica¬ 

ceous quartzite.(see Table I). It appears to be similar to the meta¬ 

chert of the "Eastern Fault Block". Layers of fine grained (0.02 mm) 

granoblastic-polygonal quartz alternate with coarse grained (<2 mm) 

xenoblastic quartz. The larger quartz grains have small, granoblastic 

polygonal quartz forming along their grain boundaries (mortar texture). 
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These domains of contrasting grain size are separated by thin lamellae 

(0.05 mm) of parallel biotite flakes. Some biotite is dispersed through¬ 

out the quartz layers as isolated, sub-parallel flakes, giving the 

rock a lepidoblastic texture, Actinolite is a minor constituent, 

being intergrown with the biotite in the lamellae. 

Structure 

The metasedimentary rocks of the Calaveras Formation are similar 

to those of the Shoo Fly in that the original sedimentary bedding (SQ) 

is obscured in most cases by the later foliâtion (S^) that generally 

parallels and delineates the regional trend (Plate I), Some of the 

more quartzitic rocks in the Calaveras have SQ preserved as layers of 

contrasting grain size and color, but where S^ parallels S the two 

features usually cannot be separated. Where it is at an angle to S^ and 

can be recognized, SQ trends about N30E and dips 50°SE. S^, where 

associated with identifiable sedimentary bedding, is parallel to the 

axial plane of folds in SQ and trends approximately N10W, dipping 

45-50°SW. The folding of SQ (F^) results in a strong lineation produced 

by the intersection of S^ and S^j this lineation trends S10W and plunges 

about 20°. Similar lineations (presumably bedding - axial plane inter¬ 

sections) on S^ surfaces where SQ has been obliterated also have shal¬ 

low plunging, southwesterly trends. 

The orientation of S^ in the Calaveras Formation adjacent to the 

Rich Bar Fault has a greater variability than that of Sj. in the Shoo 

Fly Formation (Plate I). Although fold hinges in S^ are sparse in this 

area, fold axes (F2) constructed from S^ foliations at high angles to 

the regional trend yield sub-horizontal (10-30° plunge), west-south- 

westerly axes. Near Oddie Bar S^ is more consistent in orientation, 
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with a general northerly trend and variable dips of 45-85*2. 

Rypabyssal Rocks 

Several small bodies of metamorphosed hypabyssal rock are present 

along Rich Bar Fault. Although heavily altered, the original mineralogy 

and textures can still be identified. Plagioclase and hornblende are 

the only recognizable primary minerals. Plagioclase occurs as large 

(0.,5-2*0 mm) euhedral crystals that comprise perhaps 75% of the original 

rock (see Table I). It has been completely replaced by sericite, epi- 

dote, and clay minerals, but relict twinning and zoning are visible 

despite the alteration. Green hornblende occurs principally as stumpy, 

euhedral crystals up to 1 mm in length, with some hornblende being in¬ 

terstitial to the plagioclase. Epidote is replacing hornblende along 

grain boundaries. Chlorite, quartz, calcite, and opaque minerals are 

minor constituents of the rock. Other than sub-parallel fracture sur¬ 

faces outlined by iron staining, foliations or other textures indicative 

of metamorphism appear to be lacking in these rocks. 

Amphibolite 

An elongate lens of amphibolite is present along the western bor¬ 

der of the ultramafic body south of the river (Plate I). It is seen 

for almost one mile along the Rich Bar Fault and extends an indeterminate 

distance normal to it, the western side being covered by vegetation. 

The amphibolite is not present north of the river. 

Thin sections reveal that the amphibolite is composed mostly of 

green hornblende (50-70$), with lesser amounts of epidote, plagioclase, 

chlorite, titanite, and quartz (Table I). Sub-idioblastic, prismatic 

crystals of hornblende range in size from 0.2 to 4 mm in length, the 

size generally increasing nearer the contact with the ultramafic body. 
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The hornblende crystals are sub-parallel and impart a nematoblastic 

texture to the amphibolite. Epidote is very common, composing up to 

3055 of the rock. It occurs as sub-idioblastic, equant crystals up to 

0.3 nm in diameter. The epidote is secondary, directly replacing the 

hornblende; it usually grows along fractures, occasionally replacing 

the hornblende completely, forming pseudomorphs with only the amphibole 

cleavage remaining. A small amount of chlorite is present as minute 

flakes that border the hornblende prisms. Plagioclase is a minor con¬ 

stituent of the rock; it occurs as xenoblastic grains, both in layers 

and interstitial to the hornblende. The plagioclase composition 

ranges from An^Q to An^; albite twinning is occasionally present. Some 

epidote appears to be replacing the plagioclase. Titanite is present as 

scattered, idioblastic crystals up to 0.1 mm long lying in the foliation 

plane. Quartz occurs in xenoblastic patches and layers with plagio¬ 

clase and chlorite. 

The dominant structure in the amphibolite is a relatively unde¬ 

formed foliation (S^) caused by dark bands of hornblende and epidote 

alternating with lighter bands of plagioclase and quartz. is gener¬ 

ally parallel to the regional trend of the surrounding country rocks; it 

trends approximately N20W and dips steeply to the northeast, although 

often it is vertical. Parallelism of the prismatic hornblende crys¬ 

tals results in a lineation that plunges sub-vertically in S^. Frac¬ 

ture planes (S2), outlined by reddish-brown iron staining, commonly 

cut across the aligned hornblende crystals at a small angle to the foli¬ 

ation defined by the compositional layering. 

Discussion 

The rocks of the Shoo Fly and Calaveras Formations that bound the 
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ultramafic body appear to be derived from shales, impure sandstones, 

cherts, and volcanic material deposited in a eugeosynclinal environ¬ 

ment; widely scattered lenses of partially recrystallized, oolitic lime¬ 

stone are present east of the Melones Fault Zone. The metamorphic 

grade of the country rocks does not exceed greenschist facies, except 

in the small amphibolite body along Rich Bar Fault where it probably 

reaches epidote-amphibolite facies. 

The Shoo Fly Formation is a monotonous sequence of phyllites and 

quartzites that are probably derived from muds and sands deposited in 

a marginal basin. The dominant foliation (S^) is parallel to the re¬ 

gional trend, which according to McMath (1966) formed during the late 

Jurassic Nevadan orogeny. The orientation of is consistent except 

near the Melones Fault, where it has been rotated slightly to the north 

about a vertical axis; this possibly results from dextral strike-slip 

motion along the Melones. 

The "Eastern Fault Block" consists of phyllites and recrystallized 

chert, a lithology unlike that of the nearby Shoo Fly rocks. These 

metacherts are very similar to those described by Hietanen (1973a) in 

the Calaveras Formation to the west. The presence of serpentine in 

stream bottoms suggests that this may be a fault block or "horse" 

(Clark, I960) that has been moved along the Melones. Rocks similar to 

those in the "Eastern Fault Block" have been reported by Clark (1964) 

south of the study area, in the Calaveras Formation west of the Melones 

Fault; this suggests that the fault block may have been transported 

from the south along the Melones. 

The Calaveras Formation appears to be more complex than the Shoo 

Fly Formation, both lithologically and structurally. Lightly meta- 
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morphosed sedimentary and volcanic rocks are thoroughly intermixëd. 

Metacherts are present in small amounts, retaining their original sed¬ 

imentary bedding. The rocks near the ultramafic body appear to be 

more highly metamorphosed, as original structures are absent, but still 

do not exceed greenschist grade. The dominant northwest trending fol¬ 

iation (S^) has been folded and crenulated around generally southwest 

plunging, sub-horizontal axes (Plate I). This post-S^ deformation, 

evident in only a small number of outcrops, may be related to the em¬ 

placement of late Mesozoic plutons in the area, or it may reflect late 

movement along the nearby Rich Bar Fault. 

The amphibolite reflects a higher grade of metamorphism than is 

present in the Calaveras rocks. The association of hornblende and 

oligoclase indicates that amphibolite grade conditions were reached at 

one time. The contrasting metamorphic grade of the amphibolite and the 

adjacent country rocks, along with the location of the body on the Rich 

Bar Fault, indicates that the amphibolite may have been metamorphosed 

at depth and subsequently moved to its present position. 

The ages of the formation of the foliations in the country rocks 

are uncertain. in the Shoo Fly and the Calaveras Formations are 

probably coeval; they are generally parallel over a large area (Hieta- 

nen, 1973a), and the greenschist grade metamorphism present in both 

formations appears to be synchronous with the development of S^. How¬ 

ever, in the me ta sedimentary rocks also closely parallels in the 

amphibolite body, which almost certainly formed when the amphibolite re¬ 

crystallized (under amphibolite grade metamorphic conditions). An am¬ 

phibolite body from north of the study area, enclosed in ultramafic 

40 39 
rocks along the Melones Fault, has been dated by the Ar -Ar method 
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at approximately 235 m.y., late Permian in age (Weisenberg, pers. comm., 

1975)» This indicates that in the amphibolite formed in the late 

Permian, and if it is coeval with of the country rocks, then the pro¬ 

minent northwesterly regional trend may also be Permian, rather than 

late Jurassic as earlier believed (McMath, 1966). Clark et al. (1962) 

have described an angular unconformity from south of the study area 

that separates complexly folded Paleozoic rocks on the west from 

lightly deformed Mesozoic rocks to the east, suggesting late Paleozoic 

or early Mesozoic diastrophism. 

The problem with the synchronous formation of in the amphibo¬ 

lite and in the surrounding country rocks has been mentioned earlier; 

rocks of different metamorphic grades are juxtaposed, with sharp, non- 

gradational contacts. The amphibolite body probably was metamorphosed 

somewhere other than at its present location, and then displaced along 

the Rich Bar Fault. The fracture cleavage (S^) in the amphibolite, 

intersecting at a small angle, may represent movement of the body 

subsequent to the formation of at depth. The steep lineations com¬ 

mon in the amphibolite are caused by parallel hornblende prisms; whether 

these are parallel to the a or b tectonic axis is unknown, since folds 

have not been seen in the amphibolite body. Thus the direction of 

transport of the body is uncertain at present. The evidence is there¬ 

fore inconclusive as to whether in the amphibolite body and in 

the country rocks are coeval. 
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ULTRAMAFIC ROCKS 

Ultramafic rocks outcrop as a continuous unit for nearly three 

miles along the Middle Fork of the Feather River (Figure 2). The Mel- 

ones Fault forms the eastern boundary of the body in most of the study 

area, and the Rich Bar Fault bounds it on the west. Both are high an¬ 

gle faults of uncertain displacement that trend approximately N30W in 

this area. Tertiary lava flows and pyroclastic rocks are present 

above 5000 feet elevation and cover the flat plateaus between river' 

and stream Valleys, limiting outcrops of the pre-Tertiary rocks to the 

deep canyons that dissect the northern Sierra Nevadas. 

Peridotite is the major rock type, with irregular dunite bodies 

making up a small percentage of the total ultramafic body (Table II). 

Olivine, orthopyroxene* and spinel, mostly picotite and chromite 

(Ehrenberg, 1975)» make up the primary mineral assemblage. The peri¬ 

dotite contains up to 25$ orthopyroxene and less than 2$ spinel, the 

remainder being magnesian olivine and later metamorphic minerals; this 

is a harzburgite according to the classification of Jackson (1968). 

The dunite consists predominantly of olivine, with less thah 2$ spinel 

as an accessory. It forms irregular bodies up to several hundred yards 

across; contacts with the surrounding peridotite are gradational and 

indistinct. Veins and dikes of fine grained amphibole and serpentine 

are scattered throughout the body; they are 1-3 cm thick and relatively 

undeformed by folding* Similar veins, composed of orthopyroxenite 

and/or clinopyroxenite, are described from other less altered ultra¬ 

mafic bodies (Loney et al., 1971) and are common in Alpine-type peri¬ 

dotite s. 

The degree ef serpentinization of the ultramafic rocks is highly 
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variable, from at least 10$ up to 100$ in some dunites. The body is 

bounded on both sides by wide serpentinite shear zones. Tremolite, 

grading into pargasite with increasing Al^O^ (Ehrenberg, 1975)» chlor¬ 

ite, talc, brucite, and magnetite are secondary minerals commonly 

present in minor amounts. However, tremolite comprises up to 40$ of 

some rocks. 

Peridotite 

Peridotite makes up at least 95$ of the ultramafic body. It is 

readily recognized in the field by its reddish-brown weathering color 

and the warty surface appearance that is due to large resistant pyro¬ 

xene ^crystals. The rock appears massive in some outcrops and almost 

mylonitic in others due to a pronounced foliation. The amount of ser¬ 

pentine and tremolite in a sample can only be roughly estimated in the 

field because the dark, fine grained nature of the peridotite effectively 

masks later alteration. Since the density of the rock varies inversely 

with the degree of serpentinization, the weight of a hand specimen 

gives some clue to the amount of remaining olivine and pyroxene. 

Microscopically the olivine exhibits a bimodal distribution in 

grain size. The larger grains average about 1 mm, with some as large 

as 0.5 cm; the smaller grains range in size from 0.05 to 0.2 mm. Al¬ 

though occasionally both are present in the same rock, one of the two 

grain sizes usually predominates quite strongly. The large olivines 

have an interlocking, xenoblastic-granular texture (Figure 3)» The 

grains are generally equant, but a faint elongation is observed in some 

rocks. While grain boundaries of the large olivines are usually irreg¬ 

ular, some possess gently curving self-boundaries and triple junctions 

at approximately 120® angles. Undulatory extinction is nearly always 
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Figure 3* Peridotite. 

(Field of view on 

Large, xenoblastic-granular olivine, 

all photomicrographs is 2.8mm by 2mm). 
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present in the large olivines. Kink bands parallel to (100) are com¬ 

mon} often they divide a single grain into two or three domains that 

go to extinction several degrees apart (Figure 4). 

The small olivine grains are generally equant and form a grano- 

blastic-polygonal texture. Undulatory extinction and kink bands are 

rare in the small olivine grains. The two grain sizes are sometimes 

found together, giving the rock a mortar texture. The small grains 

occur along the boundaries of the large grains; similar crystallo¬ 

graphic orientations are indicated by nearly simultaneous extinction of 

adjacent bimodal grains. 

Mylonitic peridotites from near the Melones Fault contain augen*r 

shaped pods and lenses of olivine exhibiting both grain sizes together 

(Figure 5)» The lenses are about 1 mm thick, up to 1 cm long, and 

usually consist of one large, disintegrated olivine grain. Small, elon¬ 

gate olivine grains up to 0.1 mm long are present in the lenses, both 

along grain boundaries and crosscutting fractures in the large olivine 

grain. The small olivine grains, which elsewhere are equant in shape, 

are elongated parallel to the foliation plane in the mylonite. Un¬ 

dulatory extinction is common in the small olivine grains, sweeping 

over several grains in succession. 

Enstatite occurs in the harzburgite as large, sub-idioblastic crys¬ 

tals generally comprising up to 25# of the rock. The crystals are 

equant and Vary in size from 0.3 to 1.0 cm} the average diameter is 

about 0.5 cm. The enstatite forms an interlocking texture with the 

large olivine grains. Narrow lamellae, parallel to (100) in the en¬ 

statite, are composed of tremolite, serpentine, and chlorite. Undula¬ 

tory extinction, bending of the (100) lamellae, and pervasive fracturing 
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Figure 4. Peridotite. Kink bands in large olivine grain. 
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Figure 5- Olivine mylonite. Large augen-shaped olivine accompanied 

by small, elongate olivine grains. 
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are common in the enstatite. 

Most of the original enstatite in the peridotite has been re¬ 

placed by secondary minerals; only 10-20$ of the enstatite remains. 

Serpentine often replaces the enstatite, completely pseudomorphing it 

in some rocks. The "bastite" structure retains the original pyroxene 

cleavage, and the serpentine displays the parallel extinction charac¬ 

teristic of orthopyroxenes. Alteration of the enstatite begins with 

serpentine growing along cleavage planes, gradually spreading until 

the entire crystal is replaced. All stages in this process have been 

observed. Chlorite is commonly associated with the serpentinized en¬ 

statite as randomly oriented clumps and patches within the crystal. 

Fibrous tremolite is present along the borders and fractures of the 

enstatite crystals (Figure 6).' 

The pyroxene in the peridotite was generally more susceptible to 

alteration and replacement than the olivine. Completely replaced en¬ 

statite crystals are common in rocks with a high percentage of large, 

unaltered olivine grains. The peridotite mylonites often have unser- 

pentinized, small olivine grains in considerable amounts, while ensta¬ 

tite is rare. Clinopyroxene is a common accessory in Alpine-type 

peridotites, but it has not been positively identified in any of the 

samples from along the Middle Fork of the Feather River. Ehrenberg 

(1975)» however, reported diopside in small amounts from the ultra- 

mafic rocks about 25 miles to the northwest along the Melones Fault. 

Spinel is a ubiquitous mineral in the ultramafic rocks. It forms 

xenoblastic crystals up to 2 mm in diameter, although the average 

grain size is nearer 0.5 mm; occasionally the spinel displays a sub- 

idioblastic shape. The spinel is in most cases interstitial to the 
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Figure 6. Peridotite. Tremolite and serpentine replacing ortho¬ 

pyroxene. 
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large olivine and the enstatite. It has a dark reddish-brown color 

with opaque borders, but many times the spinel is completely opaque. 

The spinel is often surrounded by coronas of chlorite (Figure 7); it 

forms sub-rounded patches of randomly oriented plates, with very fine 

grained opaque granules dispersed throughout. Sometimes only the faint 

outline of the original spinel is seen in the middle of a patch of chlor¬ 

ite. The spinel often occurs as. "trains" of several grains; these grains 

are slightly elongate and impart a faint foliation to the rock. This 

feature, however, is more readily observed in the dunite, due to the 

irregular surface of most of the peridotites. 

Olivine, enstatite, and spinel, the main minerals in the harz- 

burgite, have been analyzed by Ehrenberg (1975)» who examined several 

samples from the ultraraafic body along the Middle Fork of the Feather 

River. The olivine is Mg-rich, having a narrow compositional range of 

Fogg 3 to Fo^ 2* Enstatite is similarly Mg-rich with little variation 

in composition, being Engg ^ to En^ The spinel, however, has a 

wide range in composition, being rich in Cr in some cases and rich in 

A1 in others; the Cr/Al ratio varies inversely to the Mg/Fe ratio in all 

spinel samples analyzed. The consistent composition of both olivine 

and enstatite, coupled with a wide variability in the spinel, is a 

characteristic of Alpine-type peridotites (Irvine, 1967; Loney et al., 

1971). 

Dunite 

Several bodies of almost pure olivine are present in the ultra- 

mafic body. No pyroxenes or pseudomorphs after them are seen. Most 

of these bodies are located along the river, where they have weathered 

to a smooth, light brown rock that is easily distinguished from perido- 

-30- 



Figure 7. Peridotite. Sub-idioblastic spinel surrounded by chlorite. 

-31- 



tite. Due to the color and texture of the rocks, individual olivine 

grains cannot be seen in hand specimens. Contacts with the peridotite 

are obscure, and structural relationships cannot be reliably determined. 

Crosscutting dikes and tabular bodies of dunite, common in other Alpine- 

type peridotites (Loney et al., 1971), have not been encountered. Inter- 

tonguing of the dunite with the peridotite has likewise not been 

observed. 

The dunite consists almost entirely of interlocking, xenoblastic- 

granular olivine grains. The grains are generally equant, although 

some elongation can be detected. Grain size is slightly larger than in 

the peridotites, averaging 0.5 to 1.0 cm in most samples, but one dunite 

contains olivine grains nearly 2 cm across. The olivine grains are 

heavily fractured and completely altered to serpentine in some samples. 

The characteristic mesh texture of serpentine retains the original oli¬ 

vine grain boundaries, which are commonly outlined by fine grained mag¬ 

netite resulting from serpentinization. The olivine in the dunite is 

predominantly equigranular, with the small, granoblastic-polygonal oli¬ 

vine common in the peridotite being rare in these rocks. Undulatory 

extinction and kink bands parallel to (100) are also present in the large 

olivine grains. 

The only other mineral in the dunite of probable primary origin 

is spinel, which comprises less than 7$ of the rock. The spinel forms 

sub-idioblastic crystals, usually broken but still retaining a faint 

crystal shape. Grain size averages 0.5 mm, ranging up to a maximum of 

3 mm. Several elongate spinel grains are normally aligned to give a 

distinct foliation to the dunite} this foliation can usually be observed 

in the field. The original spinels have normally been altered to some 
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degree, as they are commonly surrounded by coronas of randomly orien¬ 

ted chlorite (Figure 7)» Occasionally the chlorite grows as needles, 

up to 0.1 mm in length, radiating perpendicular to the surface of the 

spinel grains. Fine grained magnetite is dispersed throughout the 

chlorite corona. 

Dikes 

Dikes and veins 1 to 3 era thick are present in the peridotite aS 

resistant, linear features that comprise less than 1% of the total vol¬ 
ume of the ultramafic body. They have not been observed in the dunite. 

The dikes are planar, and folding has been noted in only one instance, 

although offsets of several millimeters by a crosscutting foliation (S£) 

are common. The dikes and veins do not appear to follow any structural 

features such as joints or cleavages in the peridotite. 

Thin sections across the dikes reveal a fine grained (up to 0.2 ram 

in length) mass of tremolite prisms, with intergrown chlorite, serpen¬ 

tine, and occasionally olivine. The tremolite is sub-idioblastic and 

forms small patches of sub-parallel prisms, but no overall preferred 

orientation was observed. Chlorite occurs as scattered patches of ran¬ 

domly oriented flakes up to 0.3 mm in length. Serpentine, however, is 

present as small (0.1 mm) flakes and blades roughly parallel to the 

margin of the dikes. This contrasts with the distinctive mesh struc¬ 

ture of the serpentinized peridotite adjacent to the dike; the change 

in habit of the serpentine is the most notable difference in thin sec¬ 

tion between the peridotite and the dikes. Small opaque grains, prob¬ 

ably magnetite, form "trains” parallel to the serpentine flakes, and 

occasionally occupy fractures normal to the dike margins. 

Secondary Minerals 
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The ultramafic rocks appear to have been effected by several per¬ 

iods of metamorphism since their original formation. Even the fresh¬ 

est rocks are serpentinized to some degree, and tremolite is ubiquitous, 

although far more common in the peridotite than in the dunite. Chlorite 

and magnetite are widespread, and talc and brucite are present in small 

amounts near the margins of the body. One small rodingite-like mass, 

composed predominantly of hydrogarnet and chlorite, is situated in the 

serpentin!te near the Rich Bar Fault on the west side of the ultramafic 

body. 

Serpentine 

Serpentine is present to some degree throughout the ultramafic 

body. Shear zones up to 100 yards wide, composed entirely of intensely 

sheared and fractured serpentine, mark the faults that bound the body 

on both sides. Zones of broken, serpentinized rock occur along the 

river at several localities. Brecciated bodies of serpentine are also 

present on the river, near the center of the body. Fault and joint 

surfaces are often covered with slickensided green, fibrous coatings of 

serpentine, usually indicating more than one direction of movement. 

The serpentine is also present as a dark gray, fine grained massive 

rock that closely resembles the olivine it has replaced. Crosscutting 

veins of asbestiform serpentine are common. 

Thin sections reveal the partial to complete replacement of oli¬ 

vine, enstatite, and tremolite by serpentine. Enstatite displays all 

stages of serpentinization, from the initial growth of serpentine along 

cleavage planes to complete replacement of the crystal, resulting in the 

common "bastite" structure. Tremolite and chlorite are normally associ¬ 

ated with the serpentinized enstatite. Serpentine exhibits several 
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different habits when replacing divine. It occurs as cross fibers 

in narrow veins and cracks (up to 1 mm in diameter) transversing the 

large olivine grains, and along grain boundaries of both large and 

small olivines (Figure 8). The veins are clearly marked by fine 

grained granules of magnetite, probably formed during serpentinization. 

Serpentine mesh structure is common, especially in the dunites. This 

structure is preserved in the lenses of some mylonites; the equant 

shape of the original olivine grain remains undeformed. The mesh tex¬ 

ture is not observed in the serpentinite from the shear zones bordering 

the body. 

The olivine originally present inside of the mesh structure has 

been partially to completely replaced by featureless serpentine. The 

serpentine grows as minute fibers normal to the grain boundary} growth 

proceeds inwards, as indicated by remnants of olivine in the center of 

the mesh structures. Many of the dunites have been completely replaced 

by this fine grained serpentine, with only the secondary magnetite 

marking where the original grain boundaries were located. 

Much of the serpentine occurs intergrown with chlorite as fine 

grained (less than 0.01 mm), sub-parallel, fibers and flakes, often 

forming the predominant foliation in the rock. These bands, up to sev¬ 

eral millimeters thick, are readily visible in the field due to the con¬ 

centration of opaque material in them} tremolite and chlorite also help 

define the foliation. The bands are usually separated by wider domains 

of large, relatively unbroken olivine or mesh serpentine, with accom¬ 

panying tremolite. Near the bordering shear zones these coarser i, 

grained bands become augen-shaped. 

Tremolite 
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Figure 8. Dunite. Granoblastic-polygonal olivine with serpentine 

along grain boundaries. 
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Tremolite is present in varying amounts in almost all of the 

ultramafic rocks, from slightly altered peridotites with predominantly 

large olivine and enstatite, to completely serpentinized rocks which 

could be classified as serpentine-tremolite schists. Some of the 

schists contain up to 40$ tremolite, occurring as sub-idioblastic to 

idioblastic, gray-white prismatic crystals up to 1 cm in length. The 

prisms generally lie in a foliation plane, but are randomly oriented 

within that plane; occasionally sub-parallelism of the tremolite will 

impart a weak lineation to the rock. The amount of tremolite in a 

sample appears to bear no relation to its location in the ultramafic 

body. Tremolite occurs in the dikes as fine grained (<0.01 mm), sub¬ 

parallel masses closely associated with serpentine and chlorite. Mylon- 

itic rocks often have fine grained tremolite along shear planes that 

separate coarser grained material. The tremolite also grows along the 

edges and in fractures crossing enstatite crystals (Figure 6). The 

majority of the tremolite, however, occurs as larger (0.5 mm), isolated 

crystals growing in the peridotite and dunite, clearly cutting across the 

large olivine grains (Figure 9)# it is much more abundant in the perido¬ 

tite than in the dunite. 

The tremolite crystals are heavily fractured and broken, and are 

being replaced to varying degrees by serpentine. The serpentine gen¬ 

erally encroaches along fracture surfaces normal to the greatest elon¬ 

gation of the tremolite prisms; complete serpentinization'is rare ex¬ 

cept in some serpentinites. In samples where the tremolite occurs with 

small, granoblastic-polygonal olivine, mesh serpentine, or veins of ser¬ 

pentine, the tremolite prisms do not cut across the small olivine and 

serpentine grain boundaries as is common with the large olivine grains. 
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Figure 9. Dunite. Large 

pentinized); 

olivine grains crosscut by tremolite (ser- 

tremolite crosscut by serpentine veinlets. 
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The situation is reversed in this case; the serpentine veinlets pass 

undeflected across the tremolite prisms, and these prisms are usually 

completely outlined by a rim or border of serpentine (Figure 9)» 

The preferred orientation of the tremolite prisms ranges from com¬ 

pletely random in the massive, unsheared peridotites to sub-parallel in 

in the schistose rocks. The two habits are occasionally found together 

in sheared mylonites; bands of parallel, broken and fragmented tremo¬ 

lite crystals alternate with wider bands containing randomly oriented, 

larger unbroken prisms. 

Other Secondary Minerals 

Several other secondary mineral? are present in the ultramafic 

rocks. Chlorite and magnetite, which have been discussed earlier, are 

widespread, and talc occurs in small veinlets near the margins. Brucite 

has been detected in some serpentinites in minor amounts. An opaque 

spinel replaces the original spinel to some extent, it being surrounded 

in turn by coronas of chlorite (Figure 7)» Magnetite is a common pro¬ 

duct of the serpentinization of the ultramafic rocks. Besides forming 

coronas around spinel grains, chlorite is also associated with serpen¬ 

tine, either replacing olivine or enstatite. Some serpentinites are 

composed essentially of intergrown chlorite and serpentine, with magne¬ 

tite as a minor accessory. 

Structures in the Ultramafic Rocks 

A structural study of the ultramafic body is complicated by sev¬ 

eral factors. Perhaps the main problem is the lack of distinct marker 

horizons. The very prominent foliation in the ultramafic rocks and the 

accompanying serpentinization effectively mask earlier structures. An¬ 

other difficulty in working in the Feather River area is that, except 
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along the river banks and steep canyon walls, vegetation and soil cover 

often create uncertainty as to whether isolated outcrops are in place 

and have not been rotated by slumping; several sub-horizontal foliations 

at higher elevations are suspect, but are included in the data. 

The dikes and veins, now composed of tremolite and serpentine, that 

are scattered throughout the body would be ideal markers if a preferred 

orientation were present. Unfortunately, only 12 dikes could be reliably 

measured, and although their orientation is not completely random, it is 

statistically insignificant (Fig. 10). Only one dike was folded to 

apy degree, the fold axis trending due west and plunging about 60°; the 

rest form linear patterns on outcrops. Offsets of 2-3 mm by later cross¬ 

cutting foliations (S2) are common, but large scale disruptions of the 

dikes are unknown. 

Parallelism of elongate spinels forms the earliest recognizable 

foliation, here designated S^. They occur as "trains" of several grains 

that can be easily distinguished in water-polished outcrops of dunite 

along the river. The peridotites commonly have rough, irregular surfaces 

that obscure the faint spinel foliation; secondary foliations marked by 

magnetite resulting from serpentin!zation can also be mistaken for S^. 

These factors limit the number of reliable measurements, but the 

small amount of data suggest that has a general trend of N-N10E with 

sub-vertical dips (Fig. 11). Thin sections reveal that the large oli¬ 

vine grains are also slightly elongate in the plane. 

The outstanding structural feature in the ultramafic body is a 

foliation marked by bands of fine grained magnetite, serpentine, chlor¬ 

ite, and tremolite alternating with coarser grained bands and lenses 

of olivine and tremolite. The foliation is usually well developed in 
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Figure 10 Tremolite-serpentine dikes (12 points) 

Figure 
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the peridotite and indistinct in the dunite. This foliation, S2, is 

approximately parallel to the regional trend, as characterized by the 

predominant foliation in both the Shoo Fly and the Calaveras Formations 

(Plate I). S2 trends N25W and dips almost vertically (Fig. 12); the 

country rock, foliation (S^) trends about N30W and also dips sub-vertically. 

Variations from the dominant northwesterly trend of S2 are locally 

common. S2 orientations deviate significantly near the serpentine 

breccia zones along the river; nearly E-VT trends with sub-horizontal 

dips are observed. A gradual change in the dip of S2 is seen south of 

Minerva Bar (Plate I); S2 changes from steeply dipping to horizontal 

approaching the border of the ultramafic body. 

The latest recognizable foliation is a fracture cleavage, S^, that 

is very prominent in the serpentine shear zones bordering the body. It 

consists of closely spaced fractures, generally with an anastomosing 

pattern. clearly displaces S2 where they are present together, 

usually along the river in the interior of the body. A Pi-diagram plot 

of (Fig. 13) has a strong maximum indicating a N15-20W, vertical orien¬ 

tation. Several small kink folds (F^) in the serpentine have been meas¬ 

ured; these generally have steeply plunging axes in (see Plate I) 

Discussion 

The ultramafic rocks appear to have undergone several periods of 

deformation and metamorphism. This is indicated by the bimodal size dis¬ 

tribution of the olivine, the widespread presence of metamorphic minerals 

of different facies, and several generations of foliations, not all of 

which can be correlated with structures in the country rocks. 

Textural relationships suggest that the primary mineral assem¬ 

blages in the ultramafic body are olivine, orthopyroxene, and spinel in 
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Figure 12. tremolite foliation (54 points). Contour intervals on 

all diagrams at 1 point per 1# area; 1# contour is dashed. 
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the peridot!te, and olivine and spinel in the dunite. These are com¬ 

mon assemblages in Alpine-type peridotites. MacGregor (196?) has shown 

that these primary mineral assemblages are stable at high temperatures 

and fairly high pressures; these conditions generally are not attainable 

in the earth’s crust, suggesting that the ultramafic rocks formed in the 

upper mantle. 

The apparent absence of clinopyroxene from the peridotites suggests 

that either it was never present or that it has been completely replaced 

during metamorphism. Ehrenberg (1975) has reported diopside from nearby, 

less altered ultramafic rocks along the Melones Fault. The ubiquitous 

presence of tremolite, requiring Ca for its formation, in the perido- 

tite is another indication that diopside may have been present in some 

amount before metamorphism. Otherwise, an internal source of Ca for the 

tremolite is lacking. 

The possibility that the ultramafic body has been metamorphosed to 

amphibolite grade is suggested by the presence of tremolite throughout 

the body. Tremolite is a common product of high grade metamorphism of 

ultramafic rocks. The upper and lower stability limits of tremolite in 

the ultramafic rocks have been calculated by Evans and Trommsdorf (1970) 

at approximately 750°C and 400âC at 1 kilobar pressure, respectively, 

these boundaries increasing slightly with increased pressures. Their 

curves were calculated using chrysotile as the serpentine polymorph in¬ 

stead of the high temperature form, antigorite, and therefore the equi¬ 

librium curves should be somewhat higher. In any case, tremolite occurs 

in a temperature range in which serpentine is stable only in the lower 

part, perhaps up to 500SC at 1 kilobar (Coleman, 19&7) • The tremolite is 

very abundant as well formed crystals, often quite large and always un- 
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zoned. This suggests that conditions permitting the formation of trem- 

olite were well within the tremolite stability field, and that these 

conditions persisted for a significant period of time. 

The bimodal'size distribution of the olivine also suggests a per¬ 

iod of reheating and recrystallization. The mortar texture that is ob¬ 

served in some peridotites and also in the mylonites indicates that the 

small, granoblastic-polygonal olivine grains, usually unstrained, formed 

from the large, strained olivine grains that are interpreted to have 

originally crystallized in the upper mantle. It is notable that the 

small olivines are seldom deformed or flattened, suggesting that the 

major period of recrystallization was either late syntectonic or comple¬ 

tely post-tectonic. 

Tremolite and the small, recrystallized olivine grains aften occur 

together, but crosscutting relationships have not been observed. There¬ 

fore it is probable that the tremolite and the small olivines formed 

during the same heating event. This possibility is supported by the 

similar temperature regimes of the formation of tremolite (Evans and 

Trommsdorf, 1970) and the recrystallization of olivine at geologically 

plausible strain rates (Ave Lallemant and Carter, 1970). 

The last metamorphic episode effecting the ultramafic body was a 

greenschist grade event in which the rocks were thoroughly serpentinized. 

The delicate mesh structure of serpentine is often preserved intact in 

rocks that have a well developed foliation; the structure would pre¬ 

sumably have been destroyed during the formation of S^. The serpentin- 

ization of the tremolite prisms, with serpentine veins cutting across 

them, indicates that the tremolite formed some time before the retrograde 

metamorphism. This interpretation is supported by the observation that 
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the tremolite does not cut across the framework of the serpentine mesh 

structure. 

The tremolite in the ultramafic body represents a metamorphic grade 

that is higher than any of the greenschist grade country rocks. The only 

exception to this is the amphibolite body along the Rich Bar Fault, to 

the southwest of the ultramafics; it also is of amphibolite grade, sig¬ 

nificantly exceeding the metamorphic grade of the adjacent rocks of the 

Calaveras Formation. The amphibolite body has also undergone retrograde 

metamorphism along with the ultramafic body. These factors suggest that 

the tremolite formation and the formation of the amphibolite may be 

roughly coeval, and that both bodies were subsequently emplaced together 

in their present position. 

The earliest foliation in the ultramafic rocks, S^, is defined by 

elongate spinel and olivine grains. trends N-N10E and is vertical. 

This orientation is different from any structures in the country rock, 

and is at a large angle to the regional trend. The anomalous orientation 

of is not confined to the study area? measurements both north and south 

of the Feather River body, for perhaps 100 miles along the Melones Fault, 

show similar orientations (Weisenberg, pers. comm., 1975» Ave Lallemant, 

pers. comm., 1975)» This indicates that formed earlier than the re¬ 

gional trend. Saleeby (1975) has dated zircon from quartz diorites re¬ 

lated to the ultramafic rocks south of the study area, and has obtained 

ages of approximately 270 m. y.. Thus it is possible that formed in 

early or middle Permian time. The dikes and veins are suspected to have 

formed sometime between F^ and F^» as they are commonly offset to a small 

degree by S^. The persistent orientation of and the linear, undew 

formed nature of the dikes appears to indicate that the ultramafic body 
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was not severely deformed by later orogenies. Isoclinal folds, com¬ 

mon in the country rocks (Hietanen, 1973a), have not been definitely 

observed in the ultramafic rocks. 

The predominant foliation in the ultramafic rocks, S^, closely 

paràllels in the amphibolite body along Rich Bar Fault. The paral¬ 

lelism of the foliations, and the similarity in metamorphic grade as¬ 

sociated with their formation, suggest that they are coeval. An amphi¬ 

bolite body in the ultramafic rocks to the northwest of the study area 

has been dated by the Ar^-Ar^ method and yields an age of about 

235 m. y. (Weisenberg, pers. comm., 1975)* This indicates that the for¬ 

mation of in the amphibolite and in the ultramafic rocks, if syn¬ 

chronous, was in late Permian time. Variations in the trend of Sg 

(Fig. 12) are probably caused by movement of the ultramafic body; 

becomes horizontal in the southeast part of the study area (Plate I), 

suggesting rotation around a horizontal axis that may be related to dip- 

slip motion. Reorientation of is also common along the river, near 

fracture zones consisting mostly of serpentine breccias. 

Sy the fracture cleavage in the serpentine, is probably related to 

movement along the Melones and Rich Bar Faults. roughly parallels the 

regional trend; this is a result of the two faults bordering the body 

being parallel to the regional trend. Movement following serpentini- 

zation has resulted in the brittle fracturing of the serpentine in the 

shear zones. The sense of rotation of several small kink folds (F^) in 

Sj gives conflicting indications of movement, but the axes of the kinks 

are generally steeply plunging, suggesting strike-slip movement. 

may be related to the formation of in the country rocks, but this is 

uncertain, since in the ultramafic body and in the amphibolite 
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also closely parallel the regional trend. Clark (i960) has brack¬ 

eted the latest movement of the Melones Fault in the late Jurassic (Nev- 

.dan orogeny), and 83 was probably formed at this time, with kink 

folds representing the very last movements of the ultramafic body. 

-48- 



PETROFABRICS 

Methods 

Petrofabric analyses were carried out on five samples of rela¬ 

tively fresh peridotite containing large olivine grains and some en- 

statite. The number of measurements per sample was less than the 

100 - 200 grains recommended for optimum results (Turner and Weiss, 

p. 218, 1963) due to the large grain size of the olivine* The number 

of grains measured varied from 53 to 80 per sample. Care was taken to 

measure only large, presumably unrecrystallized olivine grains, as the 

purpose of these analyses was to discern any preferred orientations 

originating early in the history of the ultramafic body when it was 

undergoing deep seated deformation. Enstatite was abundant enough in 

one sample (21N-7) to permit measurement of 30 grains, but even the 

small number of points results in relatively conclusive datai The oli¬ 

vine petrofabric is considered very good for the number of points 

measured. 

Optic axes of olivine and enstatite grains were measured using the 

petrographic microscope equipped with a 4 axis universal stage. Orien¬ 

tations were then plotted on the lower hemisphere projection of a Schmidt 

equal-area net. Points were counted using the Kalsbeek 1$ counting net, 

and contour lines occur at 1 point per 1$ area intervals on all dia¬ 

grams. 

Results 

Figure 14 shows the location of the five samples studied. The sam¬ 

ple localities represent a rough cross section of the ultramafic body 

and should reveal any trends or large changes in the preferred orien¬ 

tations of the olivine grains. Figure 14 summarizes the orientations 
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Figure 14. Location of samples for petrofabric analyses. Approximate 

Olivine fabrics shown for comparison. 
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of all of the samples so that they may be easily compared; however, the 

individual stereographic diagrams better illustrate the distinctive 

characteristics of each sample, and these will therefore be discussed 

separately. 

Sample 17N-1 (Fig. 15) is a peridotite from the northwest side of 

the body. The olivine has one of the best developed preferred orien¬ 

tations of any of the samples measured. X (=£010]) has. a strong maximum 

approximately normal to a plane containing Ï (=[00ll) and Z (=[100]). 

This plane can be seen in the thin section as a faint elongation of the 

olivine grains. This plane trends N10-15E, and dips about 70°SE. 

Y and Z form diffuse maxima, grading into partial girdles, within this 

plane. Y plunges nearly vertically and Z is sub-horizontal, raking 

about 20®SW in the plane normal to X. 

Sample 21N-7 (Fig. 16) is an enstatite-rich peridotite from south¬ 

east of 17N-1. It has a very strong X maximum, with Y and Z forming 

weaker maxima that stretch into a partial girdle approximately normal to 

X. The X maximum is normal to a plane trending N35E and dipping 90°; 

the partial girdles of Y and Z vary slightly from this, Y being orien¬ 

ted about N45E and Z about N25E. Y forms a vertical maximum, and Z 

is again nearly horizontal as in 17N-1. 

Sample 15N-8 (Fig. 17) is from the center of the ultramafic body, 

and it has an anomalous orientation with respect to the other samples. 

The fabric of this rock is weaker than the two previous samples. X has 

its strongest maximum normal to a plane trending N25E, dipping 50-60°NW, 

but a partial girdle containing several very weak maxima is present and 

is oriented N15*E, 40 SE. Y is almost random, but Z forms a girdle 

normal to X and has a diffuse maximum plunging almost vertically in this 
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Figure 15• Sample 17N-1. 

Olivine (53 grains). 
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Figure l6. Sample 21N-7. 

Olivine (69 grains). 
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Figure 17. Sample 15N-8. 

Olivine,(75 grains). 
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plane. The vertical orientation of Z is in contrast to the two pre¬ 

vious samples, which have Z almost horizontal. 

Sample 14N-3 (Fig. 18) is a peridotite from farther east along the 

river. It is unusual in that both X and Z have two fairly well devel¬ 

oped maxima that are not part of a distinct girdle. Maxima of X trend 

N75W, with a 40® plunge, and S?0E, plunging about 30® » both are approx¬ 

imately normal to a plane striking N15E, with the dip being either 

50®SE or 60°NW, respectively. Y has several weak maxima that possibly 

constitute a weak girdle; these maxima generally plunge sub-vertically. 

Z has a strong maximum oriented N15E, with a 15® plunge, and a weaker 

maximum at S70E, plunging 40-60®. 

In sample 14N-3» the two X maxima are about 71° apart, and the Z 

maxima are almost at right angles, being 93® apart. One pair of X and 

Z maxima are at 87® to each other, with the other pair being approx¬ 

imately 93* apart. This suggests two separate domains in the sample, 

with different, well developed preferred orientations of the olivine in 

each domain; however, this suspected division cannot be detected in 

thè thin section. 

Sample 14IN-12 (Fig. 19) is a peridotite taken from the northeast 

corner of the ultramafic body, very near the Melones Fault. X has a 

broad maximum that is approximately normal to a plane trending due 

north and dipping about ?0°E. Y has a fairly strong maximum plunging 

nearly vertically in the plane normal to X. Z forms a maximum that is 

almost horizontal, plunging perhaps 106 and trending S35E* some weaker 

maxima define a partial girdle forming around a moderate to steep axis. 

The five olivine fabrics are shown together for comparison in 

Figure 14. It is apparent that there are strong similarities in the 
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Figure 18. Sample 14N-3. 

Olivine (80 grains). 
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Figure 19» Sample 14N-12. 

Olivine (55 grains). 
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Figure 20. Sample 21N-7. 

Enstatite (30 grains). 



different fabrics. The planes normal to the X maxima all strike be¬ 

tween due north and N35E, with the dip near 90° and never less than 50*. 

Four of the five samples have Z almost horizontal and Y oriented in a 

near vertical position; 15N-8 is the one exception, with Y and Z being 

reversed. However, it is notable that in all of the samples, the plane 

normal to X and containing Y and Z coincides in orientation with S^, the 

spinel foliation. 

Sample 21N-7 (Fig. 20) contains sufficient enstatite to perform 

a petrofabric analysis. The large size of the pyroxene crystals limi¬ 

ted the number of measurements to only 30 grains, but a definite pre¬ 

ferred orientation can nevertheless be discerned. The enstatite fab¬ 

ric is very similar to the olivine fabric; X (=[010]), Y (=[100]), and 

Z (=[001]) axes of the enstatite form maxima that are subparallel to 

X, Y, and Z maxima of olivine, respectively. Parallelism of olivine 

and enstatite optic axes is common in both experimentally and naturally 

deformed peridotites, although other orientations have been reported 

(Carter, 1971). 

Discussion 

Petrofabric analyses in this study have been limited to olivine and 

enstatite grains that are believed to have crystallized early in the 

history of the ultramafic body. Secondary olivine orientations, pro¬ 

bably represented in the small, granoblastic-polygonal grains, reflect 

later metamorphic episodes and have therefore been excluded. Any reas¬ 

onable interpretation of the fabrics depends strongly on the process of 

formation of the ultramafic body and on the dominant mode of deformation 

that has produced the tectonite fabric. The mineral foliation and 

strong preferred orientation of the optic axes of generally equidimen- 
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sional grains indicate that this is a metamorphic tectonite, as defined 

by Turner and Weiss (p. 38, 19^3); "a fabric that has been deformed by 

flow in the solid state preserves in the preferred orientation and 

and disposition of its fabric elements a record of the nature and ex¬ 

tent of deformation". 

The preferred orientations present in the olivine can be formed by 

either of two mechanisms, according to Carter and Avé Lallemant (1970): 

(1) translation gliding, by the slip system (OlO)ClOO], and (2) syntec- 

tonic recrystallization. Which of the two is the most important has 

been a matter of dispute (see Avé Lallemant and Carter, 1970, and Nic¬ 

olas et al., 1971, 1973)» but most of the evidence seems to indicate 

that syntectonic recrystallization is the dominant process, with trans¬ 

lation gliding being of minor importance (Carter, 1971)* Experiments 

indicate that strains of 50$ or higher are necessary to achieve a strong 

preferred orientation of olivine by translation gliding alone (Carter, 

1971); this degree of strain is reflected in extreme flattening of the 

deformed grains. It is significant that the primary olivine in the 

Feather River ultramaflc body, and in many other Alpine-type peridotites, 

has an equidimensional, interlocking texture with only slight flattening. 

This fabric has been found in syntectonically recrystallized olivine 

possessing a strong preferred orientation (Avé Lallemant and Carter,1970) 

In experiments at high temperatures and pressures and low strain 

rates, syntectonic recrystallization occurred (Ave Lallemant and Carter, 

1970); new grains were oriented with X parallel to cr^, the maximum com¬ 

pressive stress, and Ï and Z forming a girdle in the plane normal to o^, 

where o^o^. This preferred orientation is common in naturally deformed 

peridotites, with the modification that Z is usually parallel to a 
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mineral lineation if present. In experiments where (Avé Lal- 

lemant, 1975)* the Z axis in new, recrystallized grains formed a maxi¬ 

mum parallel to dj. 

The olivine petrofabrics from the Feather River ultramafic body 

reveals that X, probably parallel to 0^ during deformation, is sub-hor¬ 

izontal and trends generally west-northwest. Y and Z fall in a steeply 

dipping plane normal to X, with Z being sub-horizontal and Y nearly ver¬ 

tical in all but one sample studied. Y and Z usually form weak maxima 

that grade into a girdle, suggesting that the difference between 

and a^ was relatively small; this is also indicated by the absence of 

a well developed mineral lineation. The parallelism of the optic axes 

of enstatite and olivine also suggests that a £ and were not signifi¬ 

cantly different (Carter, 1971)* 

Whether the preferred orientation of the olivine in the ultramafic 

body results from pure shear and flattening or simple shear alone can 

be resolved by examination of the symmetry of the olivine fabric. 

Assuming that the state of stress is orthorhombic (er^o^o^)» if pure 

shear and flattening is the dominant mechanism, the resultant fabric 

should also be orthorhombic; whereas, if simple shear is the controlling 

factor, the fabric should be monoclinic (Friedman and Sowers, 1970). 

Both monoclinic and orthorhombic fabrics have been formed by transla¬ 

tion gliding or syntectonic recrystallization (Ave Lallemant, pers. 

comm., 1975)* The Feather River olivine fabric is orthorhombic and thus 

may be homotactic; it probably has resulted from flattening during syn¬ 

tectonic recrystallization. 

The Feather River ultramafic body displays many characteristics 

common to Alpine-type peridotites the world over (Wÿllie, 1967)s 
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(1) it is located in the interior of a highly deformed orogehic belt, 

(2) the primary minerals have a typical chemical composition, (3) tec- 

tonite fabrics are ubiquitous, and (4) contact metamorphic aureoles are 

rare or absent. These features suggest that the ultramafic rocks were 

emplaced in a solid state and not as a magma or crystal mush. Whatever 

the original process of formation, it is evident that the ultramafic 

rocks have been deformed in the solid state under upper mantle condi¬ 

tions. 

The preferred orientations of olivine and enstatite in the ultra¬ 

mafic body thus reflect the orientation of the stress field operative 

during deformation in the upper mantle. However, before the stress 

field orientation can be applied to a satisfactory model of emplacement 

of the ultramafic rocks at an oceanic spreading center, the original 

orientation of the body must be known. Davis (1969) presents a con¬ 

vincing hypothesis that the Paleozoic and Mesozoic rocks of the northern 

Sierra Nevadas have been downwarped since their formation, and that the 

Melones or the Rich Bar Fault was originally a low angle thrust fault.' 

Correlation with lithologic units and thrust faults in the Klamath Moun¬ 

tains, and the vertical dips of sedimentary beds in the lightly meta¬ 

morphosed Shoo Fly Formation, indicate a regional tilting at some time 

in the past, possibly during the late Mesozoic. 

The tops of many sedimentary beds in the country rocks south of the 

study area are to the east (Clark, 1964). Thus it is reasonable to ro¬ 

tate the ultramafic body backwards 90° around a sub-horizontal, approx¬ 

imately northwest trending axis, parallel to the regional trend, to 

derive the correct orientation of the body when it was being emplaced. 

This is, of course, ignoring any other reorientations that may have 

-62- 



occurred as the body was emplaced along the continental margin, but 

the generally consistent orientation of in the ultramafic rocks for 

miles along the Melones Fault suggests an internal continuity that has 

not been significantly disturbed during emplacement and later defor¬ 

mation. After rotation, the X axis maxima of the olivine are still hor¬ 

izontal to moderately plunging, but Y and Z have changed places, Y now 

being oriented sub-horizontally and Z being steeply plunging J the Y-Z 

plane is still dipping steeply as before. This orientation suggests 

that may have been approximately horizontal and neatly vertical 

during the formation of the ultramafic body in the upper mantle at an 

oceanic spreading center. 

Fabrics similar to those in the Feather River ultramafic body have 

been reported from the Canyon Mountain ophiolite complex in Oregon (Ave 

Lallemant, in press). After rotation back to the probable original or¬ 

ientation, X is sub-horizontal and Z is almost vertical, indicating 

to be horizontal and to approach a vertical position. Maxwell (1968) 

has proposed a diapir model for emplacement of ultramafic rocks in the 

upper mantle; his model is based upon the formation Of salt domes. 

Structures in salt domes have been thoroughly mapped, and a simple pat¬ 

tern is common among the various domes; isoclinal folding of the halite 

and anhydrite layers about vertical axes throughout the salt dome 

(Balk, 1953* Muehlberger, 1959)» The structures in Alpine-type perido- 

tites in many cases appear remarkably similar to those found in salt 

domes that were emplaced as rising diapirs. If the diapiric model for 

flow in the upper mantle is accepted, and if the rotations as discussed 

above are correct, the major principal compressive stress (cx^) orien¬ 

tation may indicate a Permian seafloor spreading direction of NW-SE. 
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SUMMARY AND SPECULATIONS ON THE TECTONIC 

EVOLUTION OF THE ULTRAMAFIC BODY 

A brief summary follows of the main points in this paper, for the 

purpose of formulating a tentative sequence of events comprising the 

complex tectonic history of the Feather River ultramafic body. Perti¬ 

nent factors include: 

(1) The ultramafic rocks have tectonite fabrics and primary mineral as¬ 

semblages characteristic of Alpine-type peridotites that are found in 

folded orogenic belts situated along continental margins. 

(2) The ultramafic body displays mineral assemblages and textural re¬ 

lationships indicative of two distinct metamorphic episodes; an amphi¬ 

bolite grade metamorphism that effected the ultramafic rocks and the 

amphibolite body along Rich Bar Fault, and a subsequent, retrograde 

metamorphic event of greenschist grade, the effects of the second, lower 

grade event being present in the country rocks. 

(3) The consistent orientation of the spinel foliation (S^) and the un¬ 

deformed nature of the dikes in the ultramafic body, both probably pres¬ 

ent before the metamorphic event that formed the strong Sg foliation, 

indicate that the body was relatively undeformed internally during em¬ 

placement in its present position in the crust, probably along a shal¬ 

low, eastward-dipping thrust fault (Davis, 1969). 

(4) Petrofabric analyses reveal preferred orientations of the olivine 

and enstatite that are believed to have formed by syntectonic recrys¬ 

tallization in the upper mantle, the deduced stress field orientation 

being consistent with a diapiric model of emplacement at an oceanic 

spreading center or in a marginal basin (Karig, 1971) • 

A model of the sequence of tectonic events effecting the ultramafic 



body can be proposed from the findings in this paper and from the re¬ 

gional studies of other workers* Until recently, it was generally ac¬ 

cepted that the Late Jurassic Nevadan orogeny was primarily responsible 

for the deformation of the pre-Tertiary rocks in the northern Sierra 

Nevadas. However, widespread evidence has accumulated for Permo-Tri- 

assic diastrophism in the western United States (Dott, 1961), and 

Burchfiel and Davis (1972) suggest that the closing of an inner arc 

basin resulted in the deformation and eastward thrusting in Nevada that 

marks the Sonoma orogeny. 

Potassium-poor metavolcanic rocks of the Franklin Canyon Formation, 

directly west of the ultramafic body, have calc-alkaline affinities 

that Hietanen (19736) suggests formed in an island arc environment. 

These rocks, approximately Devonian(î) in age, Hietanen correlates with 

similar metavolcanic rocks to the northeast, near Taylorsville (McMath, 

1966). This island arc was probably separated from the continent by a 

marginal basin that existed off the coast of the western United States 

from Devonian to Permo-Triassic time (Fig. 21A) (Burchfiel and Davis, 

1972). 

Overlying the Devonian metavolcanic sequence both northeast and 

west of the Me lone s Fault in the study area is a thick, heterogeneous 

sequence of interbedded metasedimentary and metavolcanic rocks that 

range in age from Devonian to Permian (McMath, 1966} Hietanen, 1973a). 

The metavolcanic rocks are predominantly pyroclastic on both sides of 

the Melones, but lavas with pillow structures, common to the west, are 

relatively rare to the northeast. Metagabbros and metadiorites, in¬ 

trusive equivalents of the metavolcanics, are also present to the west. 

This suggests that the source of the volcanic material was to the west 
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Figure 21. Hypothetical model of the tectonic evolution of the ultra- 

mafic body and adjacent country rocks. 
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of the Melones. The thickness of the Sierra Buttes Formation and the 

size of breccia blocks in the overlying Taylor Formation both increase 

in the southern part of the Taylorsville area (McMath, 1966); these are 

further indications of a south or southwesterly source for the pyro¬ 

clastic sequence. 

Karig (1971) has suggested that extensional features and high heat 

flow, common in marginal basins of the western Pacific, result from the 

rising of low-density diapirs in the upper mantle underlying the basin 

floors. The Feather River ultramafic body could conceivably have formed 

as a rising diapir in the marginal basin. Lower Permian dates have been 

derived from rocks related to the ultramafics along the Melones Fault 

south of the study area (Saleeby, 1975)* and Upper Permian dates from 

anramphibolite body tectonically incorporated in the ultramafic rocks 

to the north, also on the Melones (Weisenberg, pers. coram., 1975)» 

The age of the amphibolite is about the same as the postulated closing 

of the marginal basin; this suggests that the amphibolite grade metamor¬ 

phism that effected the ultramafic rocks (and accompanying amphibolites) 

was possibly a result of the westward thrusting of the rocks of the 

marginal basin onto the island arc, which was moving eastward with the 

closing of the basin (Fig. 21B). 

The closing of the marginal basin requires disposition of the sedi¬ 

ments and underlying crustal and mantle material. Davis (1973) has 

proposed a novel solution to the problem; that of eastward subduction 

of the oceanic crust and mantle rocks, with accompanying obduction of 

the overlying sedimentary and volcanic rocks (Fig. 21B). The rarity of 

ultramafic rocks in the Antler and Sonoma allochthons, and the presence 

of arc-type volcanism following emplacement of the allochthons supports 
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Davis* hypothesis. 

The final episode in the tectonic history of the ultratnafic body 

occurred during the Late Jurassic Nevadan orogeny (Fig. 21c). Moores 

(1972) and Schweickert and Cowan (1975) have suggested that an island 

arc collided with the North American continent sometime in the Late Jur¬ 

assic. The ultramafic body was probably emplaced at its present posi¬ 

tion during this collision. The serpentinization and retrograde meta¬ 

morphism evident in the ultratnafic rocks occurred at this time. 

The foregoing sequence of events can be utilized for the purpose 

of delimiting and correlating the formation and synchroneity of the 

structures in the ultramafic body and adjacent country rocks. The spi¬ 

nel foliation (S^) and preferred orientations of olivine and enstatite 

are interpreted as forming in the solid state during emplacement as a 

diapir rising from the upper mantle. This is the earliest discernible 

structure in the ultramafic rocks, and has no correlative in the coun¬ 

try rocks. 

The next event of importance is the medium to high grade metamor- 

phism of the ultramafic body and adjoining amphibolite body. Signifi¬ 

cant temperatures (at least 400-500°C) must have been reached at this 

time, as shown by the widespread recrystallization of olivine unaccom¬ 

panied by serpentinization. The olivine myIonites are probably related 

to this heating episode. Tremolite, ubiquitous in the ultramafic rocks, 

is also presumed to have formed during this metamorphism, concurrent 

with the recrystallization of the amphibolite. Thus S^ in the ultra¬ 

mafic rocks and in the amphibolite are approximately coeval, although 

it appears that the tremolite just antedates the final development of 

S^î this is indicated by the fragmentation of tremolite crystals in the 
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Sg plane in several samples. The postulated closing of the marginal 

basin is believed responsible for this metamorphism, causing the crust 

and underlying ultramafic rocks of the basin to be thrust into the high 

temperature region of the advancing island arc. While metamorphic aure¬ 

oles have been described beneath ophiolite suites (Williams and Smyth, 

1973) and attributed to frictional heating during obduction and over¬ 

thrusting, the formation of the amphibolite along Rich Bar Fault was 

probably due to the heating of basin rocks juxtaposed with the volcanic 

arc. Areal distribution of the volcanic units overlying the Calaveras 

formation indicates that the axis of the volcanic arc was just to the 

west of the ultramafic body (Hietanen, 1973a). 

The parallelism of in the amphibolite, S2 in the ultramafic 

body, and S^ in the Calaveras and Shoo Fly Formations suggests syn¬ 

chronous formation. The closing of the marginal basin in Permo-Trias- 

sic time (Burchfiel and Davis, 1972) should leave its mark on the associ¬ 

ated sediments, both in the basin and external to the arc, in the arc- 

trench gap (Karig and Sharman, 1975)» Lithologic and structural dif¬ 

ferences suggest that the Shoo Fly may represent basin fill and the 

Calaveras an accretionary prism associated with an eastward dipping sub¬ 

duction zone. The collapse of the marginal basin would bring the two 

sedimentary formations together, with the remnants of the volcanic arc 

between them. If S^ in the country rocks developed at this time, the 

ultramafic body and amphibolite must have been at a deeper structural 

level, as required by differing metamorphic grades. 

Movement along the Melones Fault Zone subsequent to Permo-Triassic 

diastrophism is indicated by the juxtaposition, south of the study area, 

of Late Jurassic rocks against Paleozoic units.to the east (Clark,196&). 
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Thus the latest significant movement was at least post-Late Jurassic. 

The ultramafic body and amphibolite were probably moved as a single 

unit to their present position during the Nevadan orogeny. The ser¬ 

pentine fracture cleavage and the faint amphibolite fractures (S^) re¬ 

flect the last movement along the Melones. The preservation of the ser¬ 

pentine mesh structure in the interior of the ultramafic body indicates 

that the major period of serpentinization was after large scale move¬ 

ment and deformation had ceased. It appears that small movements along 

the Melones and Rich Bar Faults, probably strike-slip, were concen¬ 

trated in the serpentine shear zones bordering the ultramafic body. 

The serpentinization almost certainly occurred during retrograde 

metamorphism of the ultramafic rocks and amphibolite body. This retro¬ 

gression is of greenschist grade, which is the same as in the adjacent 

country rocks. Since the metamorphism and formation of 3^ in the coun¬ 

try rocks appear to be coeval, this line of reasoning suggests that 

the Late Jurassic Nevadan orogeny formed the predominant regional 

trend. The timing of the formation of in the country rocks is 

therefore subject to controversy. It seems certain that two phases 

of deformation have effected the pre-Cretaceous rocks of the northern 

Sierra Nevadas, but the question of which event (Permo-Triassic or 

Late Jurassic) was stronger is still unresolved. 
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