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DEFORMATION OF THE JOSEPHINE PERIDOTITE,
CALIFORNIA AND OREGON

By James G. EvaNs

ABSTRACT

The Josephine Peridotite, lying along the west edge of the
Klamath Mountains, constitutes the lower part of an ophiolite
sequence called the Josephine ophiolite. The peridotite is overlain
by the upper parts of the ophiolite and by metasedimentary
rocks, and lies in fault contact with the Upper Jurassic and Lower
Cretaceous Franciscan Complex in northern California and the con-
temporaneous Dothan Formation in southern Oregon. The ophiolite in
California, including the basal Josephine Peridotite, appears to be 2
km thick above a flat thrust. The Josephine peridotite consists of three
zones: peridotite below a chromite-bearing zone, a chromite-bearing
zone approximately 300 m thick, and peridotite above the chromite-
bearing zone. These three units are folded and faulted on the mac-
roscopic scale.

The presence of poikilitic enstatite in harzburgite suggests a
magmatic stage sometime, most likely early, in the formation of the
rocks. Enstatite and dunite layering may have formed as a result of
cumulus processes and (or) metamorphic differentiation. Some of the
dunite layers may be of intrusive origin. At least local metasomatic
alteration of harzburgite to dunite cannot be ruled out.

Intense early plastic deformation resulted in the formation of
isoclinal folds, chiefly with northwestward trends. Elongation along
axial planes resulted in pulling apart of layers, disruption of fold
hinges, separation of hinges from limbs, rotation of early layering into
parallelism with axial planes, and nearly complete obliteration of
preexisting primary and deformational textures and structures. Some
elongation occurred parallel to fold axes as the axes were rotated
toward the principal direction of elongation, trending generally north-
northwest. An enstatite foliation in harzburgite developed parallel to
the axial planes. Subsequently, the isoclinal folds were refolded in a
more open style around northwest-trending axes. Fabric data suggest
that this later folding was by flexural slip.

Younger northeast- and east-west-trending folds are open in
style, with axial planes at large angles to earlier layering and foliation.
Wide variation in the orientations of the axial planes of northeast-
trending folds probably reflects the degree of heterogeneity of the
deformation but also suggests rotation or refolding of these folds about
northeast-trending axes. Chromite foliations formed locally, chiefly in
chromitiferous dunite, parallel to the axial planes of northeast- and
east-west-trending folds. Olivine grains were flattened in the plane of
the foliation. During these episodes of folding, the chromite zones in
dunite behaved more plastically than the dunite in harzburgite, as
indicated by isoclinal chromite folds subparallel to open dunite folds.
Fabric data suggest that the east-west-trending folds postdate the
northeast-trending folds and formed chiefly by flexural slip.

The steep open folds may include one or more groups of folds:
some may be conjugate (B L B') to more dominant northeast-trending
folds, and some may constitute one or more distinct groups of folds
unrelated to the other fold groups and locally well developed in the
peridotite.

Several stages of dunite emplacement occurred. Some dunite
may have been emplaced in harzburgite before the early plastic defor-
mation and now consists of irregular intricately folded dunite bodies.

Other dunite dikes cut early layering and foliation in harzburgite,
have apophyses parallel to the earlier planar structures, and must
postdate the early plastic deformation. Some dunite dikes cut early
layering and foliation, contain northeast- and east-west-trending but
no northwest-trending folds, and are subparallel to axial planes of
northeast-trending folds. These dikes, which probably predate some
northeast-trending folds, may have been affected by a subsequent
episode during which northeast-trending folds were formed, at least
locally, within the dikes. The east-west-trending minor folds in these
dikes seem unrelated to dike emplacement and probably postdate the
northeast-trending folds.

Orthopyroxenite dikes cut early layering and foliation of the
harzburgite and the dunite dikes. Local warping and faulting of the
orthopyroxenite indicate low-intensity ductile and brittle deformation
late in the development of the peridotite.

Broad folding of the ophiolite and metasedimentary rocks into a
syncline plunging at a low angle south-southeast did not result in
minor structures in the peridotite.

Olivine fabrics were probably developed principally by syntec-
tonic recrystallization. Z is generally subparallel to a conspicuous
mesoscopic linear structure, and X is perpendicular to a conspicuous
planar element; the total fabric is orthorhombic or suborthorhombic.
This type of fabric was found to be related to northwest-, northeast-,
and east-west-trending folds. Triclinic fabrics of some rocks may be
superposed orthorhombic fabrics of this type. In one chromitiferous
dunite, a subfabric of possibly primary cumulate origin was found,
with a Y maximum subparallel to chromite rods. This observation is
consistent with interpretations of olivine and chromite net textures as
being of possible primary origin.

Diopside fabric of a wehrlite sample is suborthorhombic, with Y
subperpendicular to possible primary layering and X- and Z-girdles
subparallel to the layering. This rock is probably part of the cumulate
ultramafic rock unit overlying the harzburgite tectonite.

Ages of the deformations undergone by the Josephine Peridotite
are based on the assumption that the chromite-bearing dunite was
emplaced penecontemporaneously with the formation of the overlying
Late Jurassic parts of the Josephine ophiolite. The northwest-trend-
ing and, possibly, some northeast-trending folds are pre-Late
Jurassic; other northeast- and east- west-trending steep folds and the
late low-intensity deformation are Late Jurassic. The broad folding of
the ophiolite and metasedimentary rocks is post-Late Jurassic.
Postcrystalline emplacement of the peridotite occurred during the
post-Late Jurassic and Late Cretaceous. The differences in the style
and complexity of deformation between the peridotite and the upper
parts of the ophiolite imply tectonic uncoupling of the peridotite from
the overlying rocks. The sequence of deformations may reflect changes
in strain regime as the peridotite approached a subduction zone or was
obducted. Parts of the peridotite may have been simultaneously sub-
jected to different physical conditions. Geographic orientations of slip
directions and of major axes of stress and strain ellipsoids inferred
from this study may add little to our understanding of regional
tectonics, owing to probable postcrystalline translations and rotations
during emplacement.
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INTRODUCTION

The 130-km-long body of the Josephine Peridotite
lies along the west boundary of the Klamath Mountains
in southwestern Oregon and northwestern California
(fig. 1). The fault along much of the west edge of the

peridotite has been correlated with the South Fork |

Mountain fault and forms the boundary between the
Coast Ranges on the west and the western Jurassic belt
of the Klamath Mountains on the east. A 72-km-long
segment of the peridotite in California and an adjoining
19-km-long segment in Oregon were studied. In addition
to mapping of the peridotite and adjoining rocks in
reconnaissance fashion and compilation of published
and unpublished mapping (Evans, 1984), minor struc-
tures of the peridotite were studied to determine the
deformational history of the peridotite. One goal was to
test whether structural analytical techniques would
provide a tool for prospecting for chromite in this per-
idotite. The structure of the chromite deposits is dis-
cussed by Evans and is not repeated here. Structural
analysis was determined to be of possible limited use in
locating chromite ore-bearing structures in the
Josephine Peridotite. The present report is concerned
with the deformational history of the peridotite, con-
tains the detailed mesoscopic fabric data from which
previously stated conclusions were drawn (Evans, 1984),
and includes petrofabric studies.

Acknowledgments.—1 was assisted in the field by
E. Van Dohlen infall 1977, by D. Huber in summer 1978,
and by L. Fraticelli in spring 1979. Discussions with
John Albers, Henry R. Cornwall, Russell G. Evarts,
Robert A. Loney, and Norman J Page, all of the U.S.
Geological Survey, and with Gregory D. Harper, State
University of New York at Albany, aided in the formative
stages of this report. Albers and Cornwall also visited
me in the field during the 1979 field season for addi-
tional discussions.

GEOLOGIC SETTING

The Josephine Peridotite, chiefly harzburgite, is the
basal part of the Josephine ophiolite (Harper, 1980a, b;
Harper and Saleeby, 1980). Harper (1984, p. 1011)
restricted the name to the harzburgite tectonite part of
the peridotite body. However, the original mapping of
the peridotite by Wells and others (1949) includes rocks
which have later been recognized as being of cumulate
origin. In this report, the earlier usage is retained. The
age of the Josephine Peridotite is Jurassic or older (more
exactly, pre-Middle Jurassic) on the basis of K-Ar ages
on diorite and gabbro dikes ranging from 83 to 167
million years (Ma) that intrude the peridotite (Dick,
1973).
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‘ The parts of the ophiolite above the peridotite are,
in ascending order: a cumulate ultramafic-rock unit,
gabbro, a dike complex, and a spilitic pillow-lava unit.
All the contacts between the upper part of the ophiolite
and the Josephine Peridotite are faulted. Detailed
| descriptions of these and other rock units of the area
were given by Evans (1984) and the references cited by
. Evans, particularly Harper (1980a, b, 1983, 1984). The
. ophiolite (excluding the Josephine Peridotite) is
assigned a Late Jurassic age on the basis of a concordant
U-Pb age of 157 Ma (Harper and Saleeby, 1980; Saleeby
and others, 1982) on plagiogranite dikes in the ophiolite
(assuming that the plagiogranite is an intrusive phase
related to the ophiolite), on the basis of a concordant U-
Pb age of 151 +2 Ma (Saleeby and others, 1982) on a
silicic dike that intrudes the ophiolite, and on the basis
of a Late Jurassic age for the metasedimentary rocks
overlying the ophiolite.

The metasedimentary rocks overlying the
Josephine ophiolite consist of green radiolarian chert
and red argillite at the base, succeeded by a monotonous
sequence of interbedded graywacke, slate, rare con-
glomerate, and rare limestone. The minimum thickness
in the study area is estimated at 2,500 m. Harper (1938)
proposed that the metasedimentary rocks overlying the
Josephine Peridotite are part of the same clastic wedge
as the Galice Formation to the north of the study area.
The Galice Formation, however, overlies the Late
Jurassic mafic plutonic Chetco River complex of Hotz
(1971), and the contact between that terrane and the

! Josephine ophiolite is a Late Jurassic thrust fault.

Because the stratigraphic identification of the metasedi-
mentary rocks is in doubt, no formational name for
them is used in this report. The metasedimentary rocks
are assigned a Late Jurassic age on the basis of occur-
rences of the pelecypod Buchia concentrica Sowerby a
few hundred meters above the base in the area between
the Middle and South Forks Smith River (Harper, 1980a,
b), and on the basis of a concordant U-Pb age of 1502
Ma (Saleeby and others, 1982) on a sill that intrudes the
metasedimentary rocks.

The Josephine Peridotite contains no marker hori-
zons for determining megascopic internal structure.
The chromite deposits, however, are interpreted to lie in
a generally gently dipping zone, 300 m thick, within the
upper part of the peridotite (Evans, 1984). According to
this model, the peridotite is divided into three units: (1)
peridotite below the chromite-bearing zone, (2) the chro-
mite zone, and (3) peridotite above the chromite-bearing
zone (fig. 2). The peridotite above the chromite-bearing
zone may grade into cumulate ultramafic rocks. Seg-
ments of the chromite-bearing zone that are interpreted
to dip 2°-55° define several megascopic folds: two anti-
clinal axes and a synclinal trough trend nearly east-




GEOLOGIC SETTING

124°15° 124°00’ 123°45'
42°15°
MOUNT EMILY CHETCO PEAK
MADSTONE CABIN
Vulcan
Peak
area
\
|
SRR SO
‘ Cleopatra s Or'égon -
LOOkOUt /Mounta|/
42°00° OR_EEO_N _ { =
CALIFORNIA
CRESCENT CITY GASQUET

. O =)
High Divide p¢ Low Dlwde \lll N prome No.1
Vlll . ngh Plateau Stony Creek
SOUTH Mountam .
FORK Gasquet -
MOUNTAIN A,
I FAULT - Coon ;
Mountam
Crescent
41045 City
| KLAMATH
i
[
MOUNTAIN
Klamath
L d
41°30'

ORLEANS

TECTAH CREEK

0 6 KILOMETERS
|

41°15°

FiGURE 1.—Index map of northern California and southern Oregon, showing locations of areas of
detailed study (fine-stippled areas denoted by roman numerals) within body of the Josephine
Peridotite (coarse-stippled areas), and names and outlines of 15-minute quadrangles. See figure
2 for explanation of other symbols.



DEFORMATION OF THE JOSEPHINE PERIDOTITE, CALIFORNTA AND OREGON

124°15’ 124°00° 245"
PP 123°45

EXPLANATION

Granodiorite

Peridotite above chromite-bearing zone

Chromite-bearing zone

Peridotite below chromite-bearing zone
42°00’

Contact

Fault

Thrust fault—Sawteeth on upper plate

Anticline—Showing direction of plunge

Syncline— Showing direction of plunge

Strike and dip of beds in chromite-bearing zone
Inclined

41°45' Horizontal

41°30’

0 6 KILOMETERS

41915’

Ficure 2.—Generalized geologic map of study area, showing internal macroscopic structure of the Josephine Peridotite.







































STRUCTURAL ANALYSIS




18 DEFORMATION OF THE JOSEPHINE PERIDOTITE, CALIFORNIA AND OREGON

foliations parallel the orthopyroxenite layering. The
orthopyroxenite layers and the dunite layers lacking
chromite have mean orientations (S, and Sg) 29° apart;
the orthopyroxenite layers and the dunite layers con-
taining chromite have mean orientations (S, and S¢) 5°
apart. S, strikes N. 22° W. and dips 21° NE; Sy strikes
N. 52°E. and dips 27° SE.; and S, strikes N. 46° W. and
dips 22° NE. The proximity of S, and S indicates a
close relation between these two sets of planar ele-
ments. The small difference between S, and Sg may not
be significant because of the large overlap in the orienta-
tions of these two sets. The conclusion that the three
types of layers are related neither contradicts nor sup-
ports any of the hypotheses listed above regarding the
origin of these layers.

Detached fold hinges (fig. 20D) plunge at low to
moderately steep angles north-northwest, east-north-
east, and southwest. The axial planes of these folds
parallel layering and foliation in the harzburgite (fig.
20E).

Folds of dunite-harzburgite contacts and of chro-
mite schlieren measured in the field fall into two groups
on the contour diagram (fig. 20F): an 8¢ concentration
trending northeast and a 6a concentration trending
east-west. These folds are mostly open, although a few
nearly isoclinal folds occur in both groups.

Chromite foliations dip steeply to moderately stee-
ply northwest and southeast (fig. 20G) and have a hori-
zontal (3-axis trending N. 30° E. Constructed intersec-
tions of these foliations with the enclosing dunite layers
plunge at low angles northeast and southwest (fig. 20H).
These relations suggest that the chromite foliations are
geometrically equivalent to the axial planes of the
northeast-trending folds and may have formed contem-
poraneously with the northeast-trending folds.

Figure 201 plots five pairs of intersecting chromite
folds in dunite at two localities. The fold pairs intersect
at acute angles ranging from 69° to 89° and averaging
78°. The approximate perpendicularity of these pairs
suggests that these folds represent members of conju-
gate sets in a BB’ tectonite: one set trends northeast;
the other set, plunging steeply, is not defined on the
contour diagram (fig. 20F)).

Using the field data of J.P. Albers (unpub. data,
1977), B-axes were constructed from the attitudes of
layers in adjacent outcrops; these axes were then com-
pared with the orientations of measured fold axes. The
subparallelism of minor folds and B-axes presumably
indicates that the B-axes represent axes of macroscopic
folds that are not exposed.

Two groups of B-axes were determined: group I,
trending generally northeast (fig. 20./), and group II,
trending west-northwest (fig. 20K). The mean of group I,

By, trends N. 35° E. and plunges 30° NE., 18° from the
mean of measured northeast-trending folds, Bl (fig.
20F). B-axes and measured northeast-trending linear
elements largely coincide. These relations are consis-
tent with the hypothesis that the group I B-axes are axes
of macroscopic folds. If the group I -axes are large folds,
the group II B-axes also probably represent the axes of
macroscopic folds. However, the angle between Bz, the
mean of measured east-west-trending folds, and By, the
mean group II B-axes, is 64°. Either the macroscopic fold
axes in this case differ systematically in orientation
from the mesoscopic ones, or the measured east-west-
trending folds are not a representative sample of east-
west-trending linear elementsin area I (fig. 1). Whatever
the explanation for the difference in orientation
between these two fabric elements, the east-southeast-
plunging 100 concentration of group II B-axes seems too
strong to be fortuitous.

Axial planes for groups I and II B-axes were con-
structed, assuming an axial angle of more than 90°.
Axial planes of group I 3-axes generally dip steeply east
(fig. 20L), as do half the measured chromite foliations
(fig. 20@G). Poles of the axial planes have a diffuse great-
circle distribution, the pole of which defines a (3-axis
trending N. 22° E. and plunging 36° NE., close to B; (fig.
20eJ). These relations suggest either a large variation in
axial-plane orientation or refolding of some northeast-
trending folds about northeast-trending axes.

Axial planes of group II B-axes are generally steep
and strike predominantly northwest.

At the Judy mine (fig. 1), a chromitiferous dunite
body intrudes harzburgite at a 25° angle to dunite layer-
ing and weak foliation in the harzburgite. Folds of the
chromite layers trend northeast and east-west, parallel
to the two main groups of linear elements in area Il (figs.
1, 21B). These relations indicate that the dunite was
emplaced after formation of the foliation and layering,
but before the formation of some of the northeast-trend-
ing folding.

AREA II: HIGH PLATEAU MOUNTAIN

Area II is immediately south of area I (fig. 1) and
separated from it by Peridotite Canyon. Outcrops exam-
ined are along the top of the mountain (subarea Ila), on
the lower jeep trail (subarea IIb) to the abandoned look-
out, and along the western spur (subarea Ilc). Laterite
covers much of the central part of the mountaintop.

In subarea Ila, near the summit of the mountain,
the dunite layers, dunite-harzburgite contacts, and
harzburgite foliations dip generally west (fig. 21A). The
mean orientation of the planar fabric elements, S,
strikes N. 0° E. and dips 43° W. The poles lie along a
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minerals, the presence of which may facilitate slip par-
allel to layering, were absent in the rocks during the
crystalline deformations because these types of miner-
als are not developed in association with the structural
elements under discussion. Nevertheless, a flexural-slip
model need not be discarded for the peridotite, nor the
fabric data suggesting this model discarded as for-
tuitous—an unlikely conclusion.

Clearly, the peridotite underwent stages in its
.development during which physical conditions differed
considerably from its present surface environment.
Apparently, during some stages of deformation the
physical state of the rock may have favored flexural slip.
The local development of chromite foliations parallel to
the axial planes of open folds does not contradict at least
a modified flexural-slip model because the style of yield-
ing varied throughout the rock. Flexural slip may more
easily be accepted as a possible folding mechanism,
given the presence of a fluid phase, as would be implied
by Dick’s (1976,1977a, b) hypothesis of partial melting of
the peridotite. The presence of a fluid phase, however, is
not clearly a necessary condition for flexural-slip folding
in these rocks. Intrusion of dunite dikes parallel to
orthopyroxenite layering and foliation in harzburgite
(fig. 15) and parallel to the axial planes of northeast-
trending folds implies that planar fabric elements are
potentially planes of relative weakness in the peridotite.
The evidence, therefore, points to the planar fabric ele-
ments behaving as mechanically active elements under
certain conditions of relatively high pressure and tem-
perature and, possibly, in the presence of a fluid phase,
even though other fabric elements consistent with this
model, such as cleavage or schistosity parallel to layer-
ing, are absent. A flexural-slip model was also suggested
for one episode of deformation in the Canyon Mountain
Complex (ophiolite), Oreg. (Avé Lallemant, 1976, p. 37).

Chromite rods and folds in the dunite core of the
fold hinge fall into three groups: (1) plunging 10°, N. 15°
W, subparallel to the fold hinge; (2) plunging 35°, S. 50°
W., subparallel to the late folds; and (3) plunging
70°-80° NW. (fig. 21H). The steep folds could have
formed penecontemporaneously with either of the other
two groups of folds, or they could belong to another
folding episode. Like the steep folds shown in figure 21C,
the age relations of these folds to other groups of folds
are not known.

The axial plane of the early-fold hinge dips steeply
southwest (fig. 21G); axial planes of late folds generally
dip steeply southeast and northwest. One of these axial
planes dips moderately southwest; its orientation was
possibly influenced by the shape of the dunite core of the
early fold.

In subarea Ilb, dunite layers, dunite-harzburgite
contacts, and foliations in harzburgite have a great-

FicURE 24.—Fabric diagrams for subarea Ilb. A, Poles of dunite
layers, dunite-harzburgite contacts, and foliation in harzburgite.
Dashed line, great circle; square, pole of great circle, B-axis plung-
ing 25°, N. 35°W. LS, approximate mean pole of planar elements. B,
Linear elements. Small circles, orthopyroxenite folds; small
crosses, chromitite folds; squares, B-axes; dot B, mean orientation of
northeast-trending linear elements. C, Poles of axial planes. Dots,
northeast-trending folds; square, west-northwest-trending fold; tri-
angles, north-northwest-trending folds; circle, pole of chromite foli-
ation.

circle distribution (fig. 24A) that defines a 3-axis plung-
ing 25°, N. 35° W,, like that in subarea IIa. Folds plunge
at low to moderate angles west, at moderate angles
north-northwest and northeast, and steeply northeast
(fig. 24B). Axial planes of two folds trending north-
northwest dip at a low angle north subparallel to layer-
ing and foliation in harzburgite (fig. 24C). Axial planes
of two folds trending northeast dip steeply northeast. A
chromite foliation subparallel to one of the axial planes
indicates the geometric equivalence of these two fabric
elements. The axial plane of a west-northwest-trending
fold dips steeply south-southwest.

In subareaIlc, poles of dunite layers and foliation in
harzburgite approximate a $-axis plunging 5°, N. 80° E.
(fig. 25A). At least two groups of linear elements are
present (fig. 25B), one group trending generally north-
west and the other northeast. Axial planes of two folds
trending northeast dip steeply southeast (fig. 25C); the
axial plane of a west-northwest-trending fold dips steep-
ly southwest.
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FiGure 25.—Fabric diagrams for subarea lIc. A, Poles of dunite layers
and foliation in harzburgite. Dashed line, great circle; square, pole
to great circle, a B-axis plunging 5°, N. 80° E. B, Linear elements.
Dots, dunite folds; circle, orthopyroxenite fold; X’ed circle,
orthopyroxene rod; small cross, chromitite fold; squares, B-axes. C,
Poles of axial planes. Dots, northeast-trending folds; circle, north-
west-trending fold.

AREA III: STONY CREEK

AreaIll is 1.5 km east of area II, in the upper Stony
Creek drainage (fig. 1). Chromitiferous dunite, minor
harzburgite, and sheared, chromite-bearing serpen-
tinite are exposed in mines and prospects. Poles to chro-
mite schlieren and layers and to a dunite-harzburgite
contact lie along a great circle, the pole of which defines
a B-axis plunging 35° N. 85° E. (fig. 26A). Linear ele-
ments measured in the field plunge at low to steep
angles northeast and east-northeast (fig. 26B). At least
some of the northeast-trending linear elements proba-
bly correlate with the northeast-trending fold group in
area II. Axial planes of two of the folds dip steeply
northwest and southeast (fig. 26C).

AREA IV: CHROME NO. 1

Area IV consists of two open pits, 4 km east of area
II, excavated in chromitiferous dunite (fig. 1). Poles of
chromitite layers lie near a great circle that defines a -
axis plunging 3°, N. 15° W. (fig. 27A). Chromite folds
plunge at low angles north-northwest subparallel to the
B-axis, north-northeast, steeply northwest and south-

C

F1cure 26.—Fabric diagrams for area IlII (fig. 1). A, Poles of chromite
schlieren in dunite (dots) and a dunite-harzburgite contact (circle).
Dashed line, great circle; square, pole to great circle, a B-axis plung-
ing 35° N. 85° E. B, Linear elements. Small crosses, chromite folds;
circled cross, chromite lineation; squares, B-axes; dot B, mean orien-
tation of linear elements, plunging 32°, N. 62° E. C, Poles of axial
planes of chromite folds.

east (fig. 27B). Folds trending north-northwest intersect
folds that plunge steeply northwest. The axial plane of a
fold trending north-northwest is vertical and strikes N.
20° W,, close to the orientation of some chromitite layers
(fig. 27C). The axial plane of a fold trending north-
northeast dips at a low angle northeast, also close to the
orientation of some chromitite layers. Axial planes of
three folds plunging steeply northwest and southeast
strike northwest; two dip steeply, and one is vertical.

AREA V: ELK CAMP RIDGE

AreaV, 3 km east of area II, is along part of the crest
of Elk Camp Ridge (fig. 1). Poles to layering and foliation
in harzburgite dip north and south at moderate to steep
angles and define a nearly east-west trending horizon-
tal B-axis (fig. 284). Linear elements plunge in many
directions, and more than one fold group may be repre-
sented (fig. 28B). Axial planes of two folds plunging
southeast dip steeply south and are subparallel to layer-
ing and foliation (fig. 28C). These southeast-plunging
folds may be correlated with the earliest folds described
in area I and subarea Ila. The east-west-trending folds
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Ficurg 31.—Fabric diagrams for area VII (fig. 1). A, Poles of dunite
layers in harzburgite (dots). Circle LS4, pole of mean orientation of
layers, striking N. 78° W. and dipping 32° NNE.; triangle,
harzburgite foliation; square, B-axis, plunging 24°, N. 22° W
dashed line, great circle. B, Poles of chromite schlieren in dunite
(dots). Circle L Sg, pole of mean orientation of schlieren, striking N.
38° W. and dipping 30° NE.; small crosses, chromitiferous dunite
veins; square, B-axis plunging 30°, N. 2°E.; dashed line, great circle.
C, Contour diagram of poles of dunite-harzburgite contacts. 35
points. Contours: 20, 30, and 40. Dots, centers of 40 concentrations,
are mean attitudes of two groups of contacts: (1) N. 28°E., 80° NW,,
and (2) N. 85° W, 57° S. D, Contour diagram of linear elements. 28
points. Contours: 20, 30, 40, and 5¢. Dots B; and By, centers of 5¢
concentrations, are mean axes of two groups of elements: By, trend-
ing N. 49° E. and plunging 54° NE.; and B,, trending S. 73° and
plunging 44° SE. E, Poles of axial planes of folds. Dots, dunite folds
trending east-west; circles, chromitite folds trending north-north-
west; circled dots, orthopyroxenite folds plunging steeply east;
square, dunite fold trending northeast. F, Interpretation of dunite-
harzburgite contacts. Dashed lines, mean attitudes of two groups of
contacts in figure 31C; dots, poles to dashed great circles. Line
pointing north-northeast on primitive circle shows strike of large
dunite dike. Circled dots, principal stress axes; small crosses, infer-
red slip directions. Arrows indicate inferred sense of slip on mean
surfaces.

Dynamic interpretation of the dunite-harzburgite
contacts rests on theoretical conclusions regarding the
relations of fault planes and the stress ellipsoid (Ander-
son, 1951). In the case of compressional stress, the acute
dihedral angle between conjugate slip surfaces encloses
the maximum principal stress o,; the intermediate
stress axis o, parallels the axis of intersection of the slip
surfaces. In area VII (fig. 1), the mean o,, which may
have resulted in the fracturing, plunges 37°, N. 68°E.; o,
plunges 50°, S. 41° W,; and o3, the minimum principal
stress, plunges 14°, N. 32° W. (fig. 31F). Mean slip direc-
tions would plunge 37°, N. 20° E., and 18°, S. 73° E.
Oblique slip with large strike-slip components would
occur on both sets of faults. The sense of movement on
fractures parallel to the dike trend would be upward on
the southeast wall.

Although the theoretical stress orientation and slip
directions are deducible from a theory of brittle frac-
ture, the validity of the fracture criteria described above
or even of the existence of a brittle-fracture mechanism
of any kind in the upper mantle, presumably where the
peridotite originated, is open to question because of
expected ductile yielding in the upper mantle. Seismic
focal mechanisms in the upper mantle are explainable
by plastic rather than brittle deformation (see Avé Lalle-
mant and Carter, 1970, p. 2217). Nevertheless, under
conditions of unusually large strain rate, possibly asso-
ciated with rapid plate movement, and (or) localized
dunite intrusion, a brittle-fracture mode of deformation
may be possible in the upper mantle. Alternatively, the
peridotite, at the time of dunite emplacement, may have
been at a level at which brittle fracturing could occur.
Under these conditions, emplacement of the dunite
could have caused fracturing, or the dunite may have
intruded a preexisting fracture zone in harzburgite.
Heating and partial recrystallization of the harzburgite
xenoliths may have resulted in the elimination of much
of the harzburgite foliation in these rocks. Subsequent
folding of the chromite schlieren in the dunite crystal
mush and of dunite apophyses in harzburgite xenoliths
would contrast greatly in deformational mode with the
initial brittle deformation.

Fracturing may also be controlled by the effective
stress in the rock (see Fyfe and others, 1978, p.
200—204). If the pore spaces of the rock are filled with a
fluid that cannot move, an external compression will
result in a fluid pressure developing in the pores. The
net effect of this pore pressure is to reduce the effec-
tiveness of the applied stress; the material behaves as
though it is subject to an effective stress, which can be
much smaller than the external stress. One result can
be brittle failure under higher confining pressures than
might be expected in “dry” rock. Water, the most com-
mon fluid in crustal rocks, would probably not be pres-
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ent in amounts large enough to affect pore pressure in
peridotite, especially at great depths. However, fluid
from partial melting of a peridotite mantle might be
present in significant amounts during some phases of
harzburgite evolution. Enough of the melt fraction
might be present in places to permit localized brittle
deformation in a subcrustal environment.

If the dunite body follows a zone of weakness that
developed during formation of northeast-trending folds
(deformation 3, table 1), the dunite must postdate that
folding. However, the presence in the dunite of north-
east-trending minor folds suggests either a final pulse of
the deformation or local strain, possibly related to dun-
ite emplacement. The east-west-trending minor folds
(deformation 4) seem to be unrelated to any other fabric
elements and probably postdate all the northeast-
trending folds in area VII.

AREA VIII: HIGH DIVIDE

Area VIIlis 1.5 km southwest of area VI and 0.5 km
west of the large north-northeast-trending dunite dike
described above (fig. 1). Dunite layers and dikes make up
about 40 percent of the terrain. As in area VII, dunite-
harzburgite pods in dunite appear to be either boudins
or xenoliths.

Most poles of foliations in harzburgite dip at low
angles north (fig. 324). The mean orientation of the
foliation strikes N. 80° E. and dips 22° NNW. The poles
appear to lie near a great circle that defines a B-axis
plunging 9°, N. 57° E. Poles of dunite-harzburgite con-
tacts range widely in orientation (fig. 32B); the mean
orientation is estimated to strike N. 84° W. and dip 33°
NNE,, close to the mean orientation of harzburgite folia-
tions. Many dunite-harzburgite contacts appear to par-
allel the harzburgite foliation. Most of these contacts lie
near a great circle that defines a B-axis plunging 30°, N.
20° E. This B-axis, on the basis of more data than for the
more northeasterly one, is probably the more reliable
axis. Tabular dunite bodies generally dip steeply and
strike northeast, like the large dunite body in area VII
(fig. 31C). Chromite schlieren subparallel to dunite
dikes suggest flow layering in a dike. Here, as in area
VII, an intrusive origin for some of the dunite-
harzburgite contacts is favored. Their orientations were
influenced in part by the stress regime during emplace-
ment and in part by preexisting planar anisotropies in
the harzburgite host.

Linear elements (axes of dunite and orthopyroxene
pods, chromite folds, chromite rods, and a B-axis) trend
northeast and northwest (fig. 32D). Intersecting linear
elements suggest that at least two groups of elements
are present. The northeast-trending elements corre-
spond to the northeast-trending elements in area VII;

Ficure 32.—Fabric diagrams for area VIII (fig. 1). A, Poles of folia-
tions in harzburgite (dots). Circle LS4, mean of foliations, striking
N. 80°E. and dipping 22° NNW.; square, B-axis plunging 9°, N. 57°E.
Dashed great circle is perpendicular to B-axis. B, Poles of dunite-
harzburgite contacts (dots). Circle 1 Sg, mean of foliations, striking
N. 84° W. and dipping 33° NNE; square, B-axis plunging 30°, N. 20°
E. Dashed great circle is perpendicular to B-axis. C, Poles of dunite
dikes (dots) and chromite schlieren (circles). D, Linear elements.
Dot, dunite fold; square, B-axis; circled dots, axes of dunite pods;
small cross, chromitite fold; circled cross, chromite rods; circled X,
axis of orthopyroxenite pod. Double-headed arrow indicates angle of
intersection of linear elements. E, Poles of axial planes. Dots, north-
west-trending folds; circles, northeast-trending folds.

the northwest-trending elements are preserved in the
harzburgite and may be related to the earliest deforma-
tion of the harzburgite (deformation 1, table 1).

Axial planes of northeast-trending linear elements
dip southeast and northwest (fig. 32E). Axial planes of
linear elements that trend northwest dip northwest and
northeast.
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Subparallelism of the dunite bodies with the axial
planes of northeast-trending folds suggests that these
two structural elements are related. Dikes were
emplaced along planar weaknesses parallel to the axial
planes; some dikes were emplaced along the early
harzburgite foliation. In these respects, the fabric of
area VIII resembles that of area VII.

AREA IX: PINE FLAT MOUNTAIN

Area IX is 5 km north of area I, on the north end of
Pine Flat Mountain (fig. 1). Layering and foliation in
harzburgite dip at low to steep angles predominantly
northeast (fig. 33A); the mean orientation, S, strikes N.
42° W. and dips 50° NE. Distribution of poles suggests a
B-axis plunging 30°, N. 42° E. Linear elements trend
north-northwest through west-northwest and plunge at
low to steep angles (fig. 33B). Intersecting linear ele-
ments suggest the presence of at least two groups, one

C

FI1GURE 33.—Fabric diagrams for area IX (fig. 1). A, Poles of dunite
and orthopyroxenite layers and foliation in harzburgite. 18 points.
Cirele 1S, pole of mean attitude of layering and foliation, striking
N. 48° W. and dipping 44° NE.; dashed line, great circle; square,
pole to great circle, a B-axis plunging 30°, N. 41° E. B, Linear
elements. Dots, orthopyroxenite folds; circles, axes of
orthopyroxenite pods; eircled dots, orthopyroxenite rods; triangle,
orthopyroxene lineation; circled cross, chromite rods; squares, 8-
axes; dot B, mean of northeast-trending linear elements. Double-
headed arrows indicate angles of intersection of linear elements. C,
Poles of axial planes. Dots, northeast-trending folds; circles, east-
west-trending folds.

trending north-northwest and the other northeast;
steep and east-west-trending groups may also be repre-
sented. Axial planes of folds trending northeast dip
moderately to steeply north and west (fig. 33C). Axial
planes of folds plunging east dip moderately to steeply
north and south.

AREA X: CLEOPATRA’S LOOKOUT

Area X is 8 km north of area I and 1 km north of the
California-Oregon State line (fig. 1). Layering in
harzburgite dips steeply north-northeast and south-
southwest (fig. 34A), orientations that are atypical for
most of the peridotite. The mean orientation, S, strikes
N. 71° W. and dips 70° SW. Linear elements plunge
predominantly at low to moderate angles west-north-
west, west-southwest, and east-southeast (fig. 34B).
Most of these elements appear to lie on a small circle
with axis plunging 9°, N. 82° W. This geometry is consis-
tent with the observed refolding of isoclinal folds in the
area. The small-circle rotation of linear elements sug-
gests a predominantly flexural slip mechanism of latest
folding in which slip occurred parallel to compositional

Ficure 34.—Fabric diagrams for area X (fig. 1). A, Poles of orthopyrox-
enite and dunite layers. Circle LS, pole of mean layering, striking N.
71° W., dipping 70 SW. B, Linear elements. Dots, orthopyroxenite
folds; squares, B-axes; circles, orthopyroxenite rods; small cross,
chromitite fold; circled cross, chromite lineation; circled dot A, axis
of 28° small circle (dashed line), plunging 9°, N. 82° W. Double-
headed arrows indicate angles of intersection of linear elements. C,
Poles of axial planes.
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layering (see subsection above entitled “Area I1”). Other
steeply plunging linear elements are also present. Axial
planes of isoclinal folds dip steeply north-northeast and
south-southwest, subparallel to layering (fig. 34C).
Correlation of generally east-west trending linear
elements in area X with the elements in other areas is
unclear. Early isoclinal folds in area X could have been
rotated from north-northwestward trends, as suggested
by the atypical orientations of layering in this area. The
fabric may approximate that in multiply folded per-
idotite near the summit of High Plateau Mountain (sub-
area [la), where early folds were rotated about a later
fold axis correlated with late east-west-trending folds.

AREA XI: BISCUIT HILL

Area XI lies along Cook Road (Chetco Divide Road),
from 2.5 to 5 km north of the California-Oregon State
line, and includes outcrops along the jeep trail to Biscuit
Hill, 3 km west of the road (fig. 1). Layers and foliations
in harzburgite dip in many directions (fig. 354). The
mean orientation of planar elements, S, strikes N. 9° W.
and dips 67° E. Poles tend to lie near the great circle, the
pole of which defines a B-axis plunging 50°, S. 41° E.
Linear elements (dunite, orthopyroxenite and chro-
mitite folds, axes of dunite pods, chromite lineations,
and B-axes) tend to occur near a great circle striking N.
8° W. and dipping 80° E. (fig. 35B), close to S. An 8o
concentration of nearly horizontal linear elements
trends north-northwest (B plunges 6°, S. 6° E.). Inter-
secting linear elements suggest that more than one set
of elements is present (fig. 35C). Groups suggested by
figure 35C: (1) plunge generally north and south at low
angles, (2) plunge moderately steeply southeast parallel
to the B-axis, (3) plunge steeply, (4) trend northeast, and
(5) trend west-northwest. The axial plane of a fold
plunging southeast (group 2) dips steeply northeast (fig.
35E). The axial plane of a fold plunging northeast
(group 4) dips steeply northwest. Axial planes of folds
plunging at low angles west-northwest and east-south-
east (group 5) dip steeply south. Two chromite foliations
dip steeply northeast (fig. 35E), subparallel to the axial
plane of the southeast-plunging fold representing group
2 folds. This relation suggests that the axial plane and
chromite foliations are geometrically equivalent fabric
elements.

AREA XII: BUCKSKIN PEAK

Area XII is 9 to 14.5 km north of the California-
Oregon State line, astride the ridge dividing Josephine
and Curry Counties (fig. 1); access is by a jeep trail that
leads to chromite mines in the Vulcan Peak area. Struc-
tures in the harzburgite are progressively less discern-

ible northward in this area. About 1 km south of Rough
and Ready Lakes, just north of the area, the rock is a
monotonous, massive harzburgite. The expanse of
mesoscopically structureless harzburgite from Rough
and Ready Lakes southward, which contrasts with so

FiGURE 35.—Fabric diagrams for area X1 (fig. 1). A, Contour diagram
of poles of orthopyroxenite and dunite layers and of foliation in
harzburgite. 21 points. Contours: 20, 30, 40, and 50. Dot 18, mean
attitude of layering and foliation, striking N. 9° W. and dipping 67°
E.; dashed line, great circle; square, pole to great circle, a B-axis
plunging 50°, S. 41° E. B, Contour diagram of linear elements. 37
points. Contours: 20, 40, 60, and 8o. Dot B, center of 8o con-
centration, is mean fold axis, trending N. 6° W. and plunging 6°
SSE.; dashed line, great circle; triangle, pole to great circle, possibly
a rotation axis of folds. C, Intersecting linear elements. Circles,
orthopyroxenite folds; dots, dunite folds; circled dots, axes of dunite
pods; squares, B-axes. Double-headed arrows indicate angles of
intersection of linear elements. D, Poles of axial planes of folds
plunging at low angles generally north and south. E, Poles of axial
planes of folds trending east-west (dots), northwest (circle), and
northeast (square), and poles of chromite foliations (triangles).
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much of the harzburgite farther to the south, suggests
that (1) localized recrystallization obliterated the folia-
tion and other structures sometime in the history of the
rock, or (2) the massive harzburgite may not have been
deformed so intensely or in the same way as harzburgite
to the south.

The dunite, chromite, and orthopyroxene layers
and dunite-harzburgite contacts are subparallel at most
localities and are plotted together here. In the contour
diagram (fig. 36A), they dip predominantly east but have

FIGURE 36.—Fabric diagrams for area XII (fig. 1). A, Contour diagram
of poles of dunite, chromite, and orthopyroxenite layers and dunite-
harzburgite contacts. 104 points. Contours: 20, 30, and 4c. Dots,
approximate centers of 40 concentrations, are poles of mean
attitudes of subpopulations; dashed lines, great circles; squares,
poles of great circles and B-axes: §;, plunging 40°, S. 80° E. and B,
plunging 10°, N. 80° W. B, Contour diagram of linear elements. 60
points. Contours: 20, 30, 40, and 50. Dashed line, great circle;
triangle, pole of great circle; dots, approximate mean axes of four
groups of elements: By, plunging 58°, S. 24° W.; B,, plunging 12°, S.

a multimodal distribution. The dominant, east-dipping
group lies along a great circle that defines a B-axis
plunging 40°, S. 80° E.; the subordinate group lies along
a great circle that defines a $-axis plunging 10°, N. 80° W.
The population of planar elements appears to be essen-
tially bimodal with respect to the B-axes.

Linear elements, (including folds of dunite,
orthopyroxene, and chromite layers, orthopyroxene and
chromite rods, axes of dunite and orthopyroxene pods,
chromite lineations, and B-axes), fall into four groups on

33°W,; B3, plunging 11°, N. 14° W,; and By, plunging 30°, N. 86°E. C,
Intersecting linear elements. Dots, dunite folds; circled dots, axes of
dunite pods; circle, orthopyroxenite fold; circled cross, axis of
orthopyroxenite pod; small crosses, chromitite folds; squares, B-
axes. Double-headed arrows indicate angles of intersection of linear
elements. D, Poles of axial planes of B;-type folds. E, Poles of axial
planes of B,-type folds. F, Poles of axial planes of Bs-type folds. G,
Poles of axial planes of B4-type folds. H, Poles of chromite foliations.
I, Comparison of linear elements in area XII (dots), area I (circles),
and area II (squares).
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the contour diagram (fig. 36B): (1) a 5o concentration
plunging steeply south-southwest; (2) a 40 con-
centration with a small 50 maximum, plunging at low to
moderate angles chiefly southwest; (3) a 3¢ con-
centration plunging at a low angle north-northwest; and
(4) a 20 concentration plunging moderately east, close to
the more strongly defined B-axis. The dashed great cir-
cle represents a plane near which most linear elements
occur. The pole to this plane lies close to, but outside, the
20 contour on figure 364, a relation suggesting that this
plane is not closely related to layering; the plane may
have another significance or be fortuitous. Orthopyrox-
enite rods, evidence of intense local strain, occur only in
group 3 linear elements. Axes of dunite pods trend
north-northwest (group 3) and northeast (group 2).
Chromite lineations are absent only in the east-west-
trending group (group 4). Intersecting linear elements
(fig. 36C) support the division of the linear elements into
at least four groups like those listed above.

Axial planes of group 1 folds are steep (fig. 36D).
Axial planes of group 2 folds strike predominantly
northeast and dip at low to steep angles (fig. 36E). Near-
ness of the B-axis of these axial planes to B, suggests
that this group of folds may have been refolded about an
axis subparallel to B,. Axial planes of group 3 folds vary
widely in orientation (fig. 36F); they crudely define a 8-
axis subparallel to BS, consistent with the field observa-
tion of refolding of northwest-trending isoclinal folds.
Axial planes of group 4 folds mostly dip steeply north
(fig. 36G). Chromite foliations vary widely in orientation
(fig. 36H); subparallelism of foliations to the axial
planes of all four fold groups indicates that these folia-
tions are not uniquely related to any single folding epi-
sode.

Figure 361 compares the orientations of linear ele-
ments in area XII with those of elements in area I and
subarea Ila. Elements of group 2 in area XII resemble
the north-northwest-trending elements in area II and,
like them, include many structures indicative of intense
strain (isoclinal folds, rods). Elements of group 4 coin-
cide in part with east-west-trending B-axes of area I but
are far from measured linear elements in area I and
subarea Ila. Elements of group 1 do not have major
counterparts in area I and subarea Ila, but may corre-
late with steep folds in other areas and may represent a
separate episode of deformation of local significance.
Evidence in area XII does not indicate the relative ages
of the linear elements.

AREA XIIT: RED MOUNTAIN

Area XIII is 50 km south of the California-Oregon
State line and 10 km east of the town of Klamath (fig. 1).

Harzburgite foliation and dunite and orthopyroxene
layers subparallel to foliation dip at low to steep angles
predominantly north and northwest (fig. 37A). The
poles lie near a great circle, the pole of which defines a -
axis plunging 10°, S. 80° W, Dunite and orthopyroxene
layers in nonfoliated harzburgite have a similar orienta-
tion pattern (fig. 37B), with predominantly northwest
dipping layers and a slightly steeper B-axis. Dunite
layers containing measurable linear elements have sim-
ilar orientations (fig. 37C). All these subpopulations of
planar elements could have been subparallel before
folding.

Linear elements (orthopyroxenite and chromitite
folds, the axis of a dunite pod, orthopyroxene and chro-
mite rods) generally plunge at low to moderate angles
north-northwest through south-southwest (fig. 37D).
Sets of chromite rods parallel adjacent tightly folded
chromite layers. The linear elements seem to make up
at least two groups, as suggested by the 44° to 60° spread
in intersecting linear elements; one group trends north-
west, and the other east-west through northeast. -axes
of planar elements are subparallel to the second group.
A few other folds plunge at low to moderate angles east
and northeast.

Axial planes of east-west-trending folds are sub-
parallel to layers and foliations in harzburgite (fig. 37E).
Many of these east-west-trending folds are isoclinal,
indicating flattening at high angles to the layers. The
axial planes, like the layers and foliations, lie near a
great circle, the pole of which defines a B-axis plunging
30°, S. 70° W,, subparallel to the B-axes of the other
planar elements. These relations suggest refolding of
east-west-trending isoclinal folds about an east-north-
east-trending axis. Refolding was also noted in outcrop.
The axial plane of a fold plunging northeast dips moder-
ately northwest, like some of the other axial planes.

Chromite foliations that cross dunite-harzburgite
contacts are at low angles to dunite layers and dip mod-
erately south-southwest (fig. 37E). Two chromite folia-
tions, defined by arrays of flattened chromite rods,
strike northeast; one dips moderately northwest, and
the other is vertical. The chromite foliations are close in
orientation to some axial planes of east-west-trending
folds and may be geometrically equivalent to the axial
planes of these folds, a relation consistent with inter-
pretation of some chromite rods as detached fold hinges.

Late dunite dikes do not have a clearly defined
orientation pattern. However, many of them seem to be
close in orientation to the layering and foliation in
harzburgite (fig. 37F), a relation that may reflect a
mechanical anisotropy parallel to the layering and folia-
tion. Orthopyroxenite dikes dip at moderate angles
chiefly south, southwest, and west (fig. 37G), in no
apparent relation to any planar anisotropy in the rock.
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FiGURE 37.—Fabric diagrams for area XIII (fig. 1). A, Poles of foliation
in harzburgite and of orthopyroxenite and dunite layers parallel to
foliation. 13 points. Dashed line, great circle; square, pole of great
circle, a B-axis plunging 10°, S. 80° W.; circle 1Sy, pole of mean
attitude of layers and foliation. B, Poles of orthopyroxenite and
dunite layers, not clearly parallel to a harzburgite foliation. 18
points. Dashed line, great circle; square, pole of great circle, a B-axis
plunging 20°, S. 75° W.: circle 1 Sg, pole of mean attitude of layers. C,
Poles of dunite layers containing chromite and orthopyroxenite
rods or folds. 17 points. Dashed line, great circle; square, pole of
great circle, a B-axis plunging 20°, S. 70° W.; circle 1 S, pole of mean
attitude of layers. D, Linear elements. 25 points. Circles,

SUMMARY

The mean poles of layers and foliations in
harzburgite in parts of the study area (areas I, II, and
V-XIII) are plotted in figure 38. In certain areas, sub-
populations of these planar elements were defined, and
the mean of each of these subpopulations was included
on the plot. The resulting preferential representation of
planar fabric elements from certain areas was judged to
be preferable to ignoring the subpopulations.

The mean attitudes vary widely. Many of these
means lie near a great circle that defines a B-axis plung-
ing10°, N. 38° E. This regional fold axis for the peridotite
reflects the pervasive northeast-trending folds observed
in many areas.

Mean attitudes of subpopulations of linear ele-
ments were determined for most of the 13 areas (fig. 1);
the data are summarized in figure 39. No mean orienta-
tions were determined for those areas in which the
linear subfabrics do not constitute moderately well

orthopyroxenite folds; circled dot, axis of dunite pod; small crosses,
chromitite folds; circled crosses, chromite rods; squares,
orthopyroxenite rods; asterisk, axis of chromitite boudin; dot B,
mean orientation of northwest-plunging folds; dot By, mean orienta-
tion of southwest- and west-plunging folds. Double-headed arrows
indicate angles of intersecting linear elements. E, Poles of axial
planes. Circle, northeast-plunging fold; dots, east-west-trending
folds; circled dots, axial surface of dunite pod; triangles, chromite
foliation; small crosses, chromite foliation defined by flattened chro-
mite rods; dashed line, great circle; square, pole of great circle, a B-
axis plunging 30°, S. 71° W. F, Poles of dunite dikes. G, Poles of
orthopyroxenite dikes.

defined sets. The means are divided into four groups,
defined in part by orientation and in part by fold style,
that correspond to the fold groups described above: (1)
early folds, generally trending north-northwest and
northwest (fig. 394); (2) northeast-trending folds (fig.
39B); (3) east-west-trending folds (fig. 39C); and (4)
steep folds plunging in several directions (fig. 39D).
Variation in the attitudes of mean orientations of each
group of linear elements could be due to random rota-
tion of large blocks of peridotite by faulting, either dur-
ing or after Late Cretaceous thrusting, as well as to
broad-scale heterogeneity of the deformations.
Refolding of early isoclinal folds is indicated in out-
crop and is implied in the suggested small-circle disper-
sion of the mean attitudes of linear elements of group 1
(fig. 39A). The axis of the small circle is horizontal and
trends N. 45° W. Therefore, early isoclinal folding (defor-
mation 1, table 1) was followed by flexural-slip folding on
a broad as well as a minor scale (deformation 2). Large
folds of this kinds are not mappable owing to the
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Ficure 38.—Poles (dots) to
mean attitudes of subpopula-
tions of layering and foliations
in areas I, II, and V through
XIII (fig. 1). Dashed line, great
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FicURE 39.—Synopsis of linear elements in areas I through XIII (fig.
1). Dot B, mean orientation of a group of linear elements; dot B, B-
axis; dot B, mean orientations of a group of B-axes; dot A, rotation
axis. A, Linear elements trending northwest and north-northwest.
Dashed circle By, distribution of early linear elements in area X. B,
Linear elements trending northeast. C, Linear elements trending
east-west. D, Steeply plunging linear elements.

absence of marker horizons in the harzburgite. Broad-
scale folding of layers and foliations about this north-
west-trending axis may account for some of the wide
spread of poles in figure 38.

A B-axis, approximated from the distribution of
poles to mean orientations of planar elements, plunges
northeast (fig. 38), like the folds of group 2 above. This
relation points to a broad-scale folding of peridotite dur-
ing formation of later, northeast-trending folds (defor-
mation 3). This event does not appear to have affected
some domains in which poles of layering and foliation

are far from the broad northwest-southeast band of
poles (see areas V and X), and was not strong enough to
alter greatly the orientations of early, northwest-trend-
ing folds.

Mean attitudes of subpopulations of linear ele-
ments with generally east-west trends (fig. 39C; defor-
mation 4) show a large scatter along a steep east-west
great circle. In some areas (area I), mean attitudes of the
subpopulations differ greatly, possibly owing to sys-
tematic differences in orientation between large and
small folds or, to heterogeneity of the deformation. The
fabric data in area XII and subarea Ila indicate that
early, northwest-trending folds were rotated in small
circles about axes correlated with east-west-trending
linear elements and thus that these east-west-trending
elements are the youngest of the three groups, and
suggest a flexural-slip mechanism of folding for the
deformation.

Subpopulations of steep linear elements occur in
only seven of the areas (fig. 39D). Relative development
of steep linear elements varies from area to area in the
peridotite. At some localities in area I, steep folds may
be a conjugate set at right angles to northeast-trending
folds (B L B' tectonite), and contemporaneous with those
folds (deformation 3). In area XII, steep elements con-
stitute the dominant set and are not clearly related to
any other group of elements. These steep linear ele-
ments may include elements formed during more than
one episode of deformation; the episodes need not corre-
spond to episodes of formation of northwest-, northeast-,
or east-west-trending folds and may constitute a sepa-
rate deformation (5).

FABRIC OF THE VULCAN PEAK AREA

The structure of the Josephine Peridotite in the
Vulcan Peak area (fig. 1) was studied by Loney and
Himmelberg (1976). Dunite layers there are postulated
to have originated by metamorphic differentiation, as
well as by transposition of older layers into parallelism
with the harzburgite foliation. The harzburgite foliation
is predominantly horizontal or dips slightly northwest
and southeast. Chromite layering in dunite is sub-
parallel to the harzburgite foliation. The mean orienta-
tions of the subpopulations of foliations resemble those
of layering for many of the areas I through XIII (com-
pare fig. 22 with Loney and Himmelberg, 1976, fig. 9).
Furthermore, the foliation at Vulcan Peak has a great-
circle distribution that defines a B-axis plunging at a low
angle southwest, subparallel to some measured fold
axes. At Vulcan Peak, the earliest deformation, clearly
the most intense one, created the dominant harzburgite
foliation and a few isoclinal and nearly isoclinal folds.
Some of these folds have disrupted limbs and detached
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and a Y maximum trending northwest; and (2) a north-
east-plunging Z maximum unrelated to mesoscopic
structures, three X maxima at large angles to Z, a Y
maximum close to Z, and a Y maximum in the X-girdle
(fig. 47). Subfabric 1 may be related to early, northwest-
trending folds (deformation 1, table 1). Subfabric 2 is not
closely related to northwest-trending folds of the area
but could have developed during the episode of forma-
tion of northeast-trending folds (deformation 3). The
chromite schlieren, early mesoscopic structures, do not
appear to be related to the olivine fabric. Any early
olivine fabric that may have been formed with the
schlieren appears to have been obliterated; however,
such an early fabric may have influenced olivine orien-
tations during subsequent episodes of deformation.

In sample J5, the inferred olivine subfabrics are: (1)
a principal Z maximum and Z-girdle at a low angle to
chromite schlieren, with Y contributing to the principal
and subordinate maxima and the principal maximum
subparallel to chromite folds and rods plunging north-
east at low angles, a Y-girdle nearly coincident with the
Z-girdle, and an X maximum at large angles to chromite
schlieren; (2) a subordinate Z maximum close to a steep-
ly northeast plunging fold axis, with Y contributing to
the principal Y maximum and a subordinate X max-
imum nearly perpendicular to the axial plane of the
steep northeast-trending fold (fig. 49). Lappin (1971, p.
733) attempted to define approximately a relatively
high pressure (0.8-2.0 GPa) and low-temperature
(400°-700° C) field in which olivine fabrics form with X
perpendicular to a dominant S-surface and Y tending to
parallel lineations and fold axes, as well as other kinds
of linear fabric elements, as in subfabric 1 above. Such
fabrics occur in rocks of Japan (Yoshino, 1961), Norway
(Lappin, 1967), and the Alps (Ladurner, 1954). These
rocks, however, have cataclastic textures that are absent
in sample J5. In contrast, sample J5 has textures that
may be relict cumulate. Turner (1942, p. 296) gave an
example of a peridotite from Rhum, Scotland, with X
perpendicular to igneous layering and Y parallel to a
weak lineation, possibly owing to dimensional orienta-
tion of magmatic olivine elongate parallel to Y. Jackson
(1961, fig. 43) found a dimensionally oriented Y linear
fabric in undeformed peridotite of the Stillwater Com-
plex; his rock contained two Y maxima as suggested for
subfabric 1 of sample J5. Therefore, subfabric 1 could be
a primary cumulate fabric. The chromite rods and fold
axis parallel to the Y maximum would have formed
during movement of the crystal mush; the northeast
trend of these linear elements could be fortuitous and
does not necessarily point to a correlation with deforma-
tion 3 (table 1). Subfabric 2 appears to be related to the
steep north-northeast-trending fold, which, if subfabric

1is cumulate, probably postdates subfabric 1. Subfabric
2, however, is not easily correlated with any of the defor-
mations recognized from mesoscopic data.

The numerous maxima in the olivine fabric of dun-
ite samples J6 and J7 suggest superposed fabrics, but
the various subfabrics are difficult to infer in detail. In
sample J6, four of the five Z maxima are close to meso-
scopic fold axes (fig. 51D). These relations suggest that
these Z maxima are related to the respective groups of
folds (northeast-and east-west-trending folds; deforma-
tions 3 and 4, table 1). The northwest-trending Z max-
imum seems to be unrelated to the other Z maxima and
the folds, but could be related to another episode of
deformation, possibly deformation 1 or 2.

If the dunite dike from which sample J7 was taken
intruded parallel to the generally northeast striking
axial planes of the northeast-trending folds (deforma-
tion 3, table 1) in area I, then the microfabric must
postdate those folds. The two Z maxima, 50° apart,
however, are close to the maximum of large northeast-
trending folds for the area (see fig. 53). Moreover, the
steeply plunging, subordinate Z maximum (subfabric 1)
lies at the intersection of the dunite dike with adjacent
harzburgite layering, a coincidence strongly suggestive
of a relation between the optical fabric and some north-
east- trending minor structures. These structures,
however, may have formed as a result of localized strain
associated with the dike, or during later stages of defor-
mation 3. The principal Z maximum (subfabric 2) may
also be related to a stage of formation of northeast-
trending folds but may belong to a distinct stage follow-
ing dike emplacement because it appears to be unre-
lated to the dike.

A synopsis of Z maxima is presented in figure 56.
On the basis of correlations with folds of the northwest-,
northeast-, and east-west-trending groups, these Z
maxima are labeled I, II, and III, respectively. Most of
the Z maxima can be associated with these three main
groups of folds.

Figure 56.—Synoptic diagram
of Z maxima for samples J1
through J7. Contours: 40, 50,
60, 8a, 100, 120, 160, and 220.
Maxima labeled “I” are associ-
ated with early northwest-
trending folds, maxima labeled
“II” with northeast-trending
folds, and maxima labeled “IIT”
with east-west-trending folds;
queried maxima are not clearly
associated with any group of
mesoscopic linear elements.
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The scarcity of kink bands in the olivine in samples
J1through J7, and the parallelism of Z maxima and fold
axes, point to syntectonic recrystallization as the domi-
nant orienting mechanism during at least deformations
1or 2, and deformations 3 and 4 (table 1). Recrystalliza-
tion of olivine occurred nonuniformly, and so primary
cumulate fabrics and early tectonic fabrics appear to be
preserved locally; in some rocks, olivine fabrics appear
to be superposed.

SUMMARY
ORIGIN

Little evidence of the early history of the
harzburgite remains. Poikilitic enstatite suggests a
magmatic stage, probably early in its development, but
textures do not clearly distinguish between igneous or
pyrometamorphic origins. Enstatite layering, possibly
in part a product of cumulus processes, may have
formed at that time. Dunite masses of unknown form
were probably present in the early harzburgite.

DEFORMATION 1

Plastic deformation, including recrystallization of
olivine and possible metamorphic differentiation to
form layering, affected most of the harzburgite. Folds of
layering were mostly isoclinal and plunged at low
angles, chiefly northwest. Detached isoclinal fold hinges
suggest large extension parallel to axial planes; some
extension occurred parallel to early-fold hinges and
rods. Many hinge zones may have been obliterated by
slip on the axial planes. Preexisting structures were
altered in form and orientation, and so a clear record of
primary structures or earlier deformations was obliter-
ated. Enstatite foliation parallel to the axial planes of
isoclinal folds developed in harzburgite. Enstatite
layers and dunite bodies were rotated into parallelism
with the foliation and axial planes. Olivine fabric, with
X perpendicular to layering and foliation, developed and
was preserved in some harzburgite (sample J1). Max-
imum principal compressive stress during this deforma-
tion most likely coincided with the maximum principal
strain and was oriented at a large angle to the axial
planes of isoclinal folds and the enstatite foliation.

Harzburgite sample J1 has a total fabric like the
peridotite from the French Pyrenees described by Avé
Lallemant (1967, p. 26-35). According to Avé Lallemant
and Carter (1970, p. 2212), the total fabric of this per-
idotite suggests that o, parallels the olivine X maximum
and that o5 parallels the lineation, fold axis, and olivine
Z maximum. According to this scheme, linear elements,
including folds, probably become aligned parallel or
close to the direction of maximum yield or the slip direc-

tion in this rock. For the Josephine Peridotite, these
relations imply that the concentration of early linear
elements trending north-northwest lay parallel or close
to the slip direction in the rock during the early ductile
deformation. Because slip folds cannot form with axes
parallel to the direction of slip (Turner and Weiss, 1963,
p. 483—484; Ramsay, 1967, p. 424—426), the early struc-
tural development of the Josephine Peridotite must have
included one or both of the following components: (1) slip
in a plane oriented at small angles to preexisting layer-
ing, or (2) passive rotation of fold axes and lineations,
formed at low to high angles to the slip direction, toward
the slip direction. After large strain, the linear elements
would be oriented almost in the slip direction (Turner
and Weiss, 1963, p. 392—-395; Ramsay, 1967, p. 471-472).
A model implying large early ductile deformation of this
type in the Josephine Peridotite is consistent with the
field observations.

DEFORMATION 2

After the stage of intense plastic deformation, the
early isoclinal folds were refolded in an open style about
northwest-trending axes. The refolding, observed in
outcrop and also evident on a broad scale (see fig. 394),
may have been dominantly by flexural slip, indicating
that the layering behaved as an active structural ele-
ment. No evidence was found to suggest that the sub-
parallelism of these open folds with the early isoclinal
folds reflects a close relation between these two kinds of
folds. On the contrary, the differences in fold styles in
this case suggests large differences in physical condi-
tions between the deformations, as well as large dif-
ferences in the orientations of slip directions and the
axes of stress and strain ellipsoids. These differences
lead to the conclusion that the two types of folds
developed in distinct episodes and that the more open
folds are younger. Syntectonic recrystallization of
olivine could have occurred during deformation 2 but
would be difficult to differentiate from an earlier
recrystallization event on the basis of orientation of Z-
axes.

DEFORMATION 3

The next episode of deformation resulted in abun-
dant minor open folds, plunging northeast. Axial planes
are generally steep. In some areas, apparent rotation of
these axial planes about a northeast-trending axis sug-
gests either heterogeneity of the axial planes or refold-
ing of northeast-trending folds. In places, steep folds
formed perpendicular to the dominant, northeast-
trending folds. Chromite foliations in dunite developed
parallel to the axial planes of these folds. Flattening of
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olivine grains parallel to the chromite foliation suggests | ophiolite were folded into a broad syncline plunging at a

that the maximum principal strain and, possibly, the
maximum principal stress for the deformation were at a
large angle to these foliations. Subparallelism of the
isoclinal folds of chromite layers in dunite to the open
northeast-trending folds of dunite layers in harzburgite
suggests a more nearly plastic behavior for chro-
mitiferous dunite during this deformation. Olivine fab-
rics related to northeast-trending folds were probably
developed by syntectonic recrystallization. Mesoscopic
fabric and petrofabric studies suggest that this deforma-
tion may have included more than one stage, inter-
rupted by at least one period of strain relaxation or
rebound during which dunite dikes were emplaced.

DEFORMATION 4

Folds plunging both east and west developed after
the episode of formation of northeast-trending folds.
Early isoclinal folds, rotated in small circles about east-
west-trending axes, point to a flexural-slip mechanism
for the folding. As in the preceding deformation, the
subparallelism of nearly isoclinal folds of chromite
layers in dunite to open east-west-trending folds of dun-
ite in harzburgite suggests a more nearly plastic mode
of deformation within chromitiferous dunite. Olivine
fabrics related to east-west-trending folds probably
developed by syntectonic recrystallization. In some
areas, east-west-trending folds are approximately per-
pendicular to northeast-trending folds, but this angular
relation is not consistent throughout the peridotite.
Scanty mesoscopic-fabric data bearing on the relative
ages of these two sets of folds suggest that the east-west-
trending folds are younger.

DEFORMATION 5

Steep open folds are abundant in a few outcrops and
in a few areas. The relation of these folds to other fold
groups is not known. In some places, the few steep folds
appear to be conjugate folds perpendicular to the more
dominant, northeast-trending folds; in other areas,
abundant steep folds may represent a distinct episode of
folding that was well developed locally. The relative age
of this episode is not known.

DEFORMATION 6
Broad warping and faulting of late-stage orthopy-
roxenite dikes points to late, low-intensity deformation.
DEFORMATION 7

The Josephine Peridotite, the overlying parts of the
ophiolite, and the metasedimentary rocks above the

low angle south-southeast. Minor structures related to
this deformation were not found in the peridotite.

DEFORMATIONS 8 AND 9

The Josephine Peridotite underwent postcrystal-
line deformation during which peridotite was altered to
serpentinite and the ultramafic mass was intensely
fractured. Fracturing was most intense along the highly
serpentinized margins, as the peridotite was emplaced
during the post-Late Jurassic along the Madstone
Cabin thrust and, later, during the Coast Range orogeny
in the Late Cretaceous, along the South Fork Mountain
and other faults.

AGE OF CRYSTALLINE DEFORMATIONS

The 300-m-thick chromite-bearing zone in the
Josephine Peridotite is near the top of the peridotite and
is approximately concentrically folded with the
ophiolitic rocks overlying the peridotite (Evans, 1984).
This relation suggests that the chromitiferous dunite
was emplaced at about the time of formation of the Late
Jurassic ophiolitic rocks. According to this model, the
episodes of deformation datable relative to the chro-
mitiferous dunite can be assigned an approximate age:
deformations 1, and 2, and, possibly, part of 3 would be
pre-Late Jurassic; part of deformation 3 and deforma-
tions 4 through 6 would be approximately Late Jurassic;
and deformation 7 would be post-Late Jurassic.

LIMITATIONS OF THIS STUDY

The areas studied constitute a small percentage of
the outcrop area of the peridotite. Ten of the smaller
areas on the index map (fig. 1) are in the chromite-
bearing zone, which may have had a somewhat different
history from the peridotite above and below the zone.
Generalizations made here concerning the deformation
of the peridotite apply principally to the chromite-bear-
ing zone. Area XII, for example, is in peridotite below
the chromite-bearing zone. In this area, the relative
abundance of steep folds suggests that the lower parts of
the peridotite were deformed somewhat differently from
the upper parts. Also, differences in the style and com-
plexity of deformation of the peridotite and the upper
parts of the ophiolite imply a tectonic uncoupling of the
peridotite from the overlying rocks (Evans, 1984).

The sequence of deformations undergone by the
peridotite reflects changes in strain regimes either as
the peridotite approached converging plate boundaries
and (or) as the peridotite was obducted. Possibly simul-
taneous deformation of parts of the peridotite under
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different conditions of confining pressure, temperature,
stress, ductility, and strain rate accounts for the vertical
changes in deformation suggested by the steep folds in
area XII (fig. 1).

The geographic orientations of slip directions and of
the principal axes of stress and strain ellipsoids sug-
gested by this study may actually be of little value to our
understanding of regional tectonics because of the
translations and rotations of the peridotite during its
posterystalline emplacement. Moreover, the Josephine
Peridotite makes up part of a terrane that is one of
several such terranes recently interpreted to have been
displaced many kilometers northward from their sites
of origin during Mesozoic and Cenozoic time (Beck,
1980; Beck and others, 1980; Coney and others, 1980).
During their northward translation, the Josephine Pe-
ridotite and adjacent rocks may have undergone large
clockwise rotation. Therefore, the primary value of this
study is in illuminating the complex deformational his-
tory of this alpine-type peridotite.

Harding and Bird (1983) inferred an east-west pa-
leoridge direction from flow fabrics in the Josephine
Peridotite. Harper (1984) also reported a similar ridge
orientation inferred from sheeted dikes in the Josephine
ophiolite and from the strike of a fossil fracture zone.
These agreements may point to an absence of large-
scale rotation within the Josephine ophiolite but do not
bear on how much rotation the paleoridge indicators
may have undergone.
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