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ABSTRACT
William R. Lambert

STRESS DISTRIBUTION IN THE WINTERS PASS THRUST PLATE

The Winters Pass thrust plate carries a section of
Precambrian basement and its sedimentary cover rocks over
Precambrian and lower Paleozoic sedimentary rocks.

The

thrust plate has undergone two periods of movement: the
first to the southeast, and the second to the northeast.
The basal 30 to 40 meters of this thrust plate consists of
basement rocks that are cataclastically deformed, locally
blastomylonitic and contain a well-developed cataclastic
foliation and mineral lineation due to feldspar and quartz
streaking.

In the higher parts of the thrust plate, the

cataclastic rocks present in the basement are mylonitic
gneisses and mylonites.

Relatively undeformed gneisses

are present above the mylonites and throughout the thrust
plate interspersed with cataclastic rocks.
Closely spaced shear fractures are present throughout
the gneiss.

However, they are not well-developed in the

blastomylonites in the lower parts of the thrust or in the
upper part where they become progressively less well
developed.

The shear fractures are also absent in areas of

massive quartzo-feldspathic rocks.

Microshear fractures,

however, are found in all thin sections studied throughout
the plate.

Stress distribution was determined by using

conjugate shear fractures present both in the field and in
thin-section.

The earliest stress field had

SE subhorizontal orientation and

with a NW-

varying in orientation

between northeast plunging 55 degrees and southwest plung¬
ing 40 degrees.

The second stress field had a subhorizontal

NE-SW orientation for

and 0^ oriented in a southeastern

direction with plunges varying between 40 and 90 degrees.
These two different stress distributions indicate two
separate thrusting events.

Overturned folds in the area

agree with this interpretation and also give direction of
movement.

These folds indicate the first movement of the

Winters Pass thrust plate was to the southeast and the
second movement was to the northeast.
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INTRODUCTION

Purpose and Importance of Study
The major problem with the interpretation of thrust
faults with large displacements has been, and still is
understanding the mechanism by which they are generated
and propogated, and how trust plates are moved and emplaced.
Theoretical calculations by Hubbert and Rubey (1959) and
Forristall (1972) have shown that it is difficult to move
large thrust plates, such as the Winters Pass thrust as
coherent bodies.

However, large thrust plates, 5 to 10 kilo¬

meters thick, tens of kilometers wide, and up to hundreds of
kilometers long are common.

This study contributes informa-

tion--the stress distribution in a thrust plate from field
evidence, not theoretical evidence--that is needed in order
to aid in interpreting the mechanism involved in forming
thrust faults.
The Winters Pass thrust, located in southeastern
California near the town of Mountain Pass (Figure 1), was
chosen for this study for the following reasons: 1) Pene¬
trative sets of conjugate macro-shear fractures related to
thrust plate emplacement are present over most of the study
area giving a method of determining the stress distribution
in the plate; 2) the topography of the area and the outcrop
pattern of the thrust fault allows a good three dimensional
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picture of the stress field to be determined; 3) the area
has been previously mapped (Burchfiel and Davis, 1971, and
in preparation) expediting field work and giving independent
geologic controls to compare with the shear fracture data
collected.
Also, this study describes the deformational style of
the Winters Pass thrust, with emphasis on the changing style
of deformation from the biastomylonites (Higgens, 1971)
present near the base of the thrust plate upward to the
less deformed gneiss.

Included in the description of the

deformational style are descriptions and discussions of the
minor structural features in the area including foliations,
lineations, and folds.

Geographic Setting and Access
The study area is in the north end of the Mesquite
Mountain which is a northern extension of the Clark Mountains.
Here, approximately fifteen square miles of Precambrian
basement is exposed in the Winters Pass thrust plate.

The

basement crops out west of the Winters Pass Road, and east
and northeast of Cima Road.

Also studied was the exposure

of the Winters Pass thrust at Shadow Mountain which is two
miles northwest of the Powerline Road-Cima Road Junction.
Access to the study area is achieved by driving north on
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Cima Road from Interstate Highway 15 (Figure 1).
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GENERAL GEOLOGY

Geologic Setting
The southern part of the Cordilleran orogen consists
of three major tectonic units (Figure 2): a western thrust
belt, a central magmatic belt, and the eastern Cordilleran
frontal fold and thrust belt (Burchfiel and Davis, 1972).
These tectonic units developed as a paleo-Pacific oceanic
plate was underthrust eastward beneath the North American
continent during Mesozoic time (Hamilton, 1969, and
Burchfiel and Davis, 1972).

The western thrust belt was

developed by oceanic underthrusting and marks the region
of plate convergence.

The central Mesozoic magmatic belt,

east of the western thrust belt, consists of magmatic arc
rocks related to underthrusting of the North American plate.
The Cordilleran frontal fold and thrust belt south of the
Clark Mountains is immediately east of the central Mesozoic
magmatic belt.

However, north of the Clark Mountains the

Cordilleran frontal fold and thrust belt strikes northeast
away from the central Mesozoic magmatic belt.

The Cordilleran

frontal fold and thrust belt is east vergent and a major
zone of dislocation within the continental crust of North
America (Burchfiel and Davis, 1972, 1975).
The Clark Mountain area is in a transition zone in

I
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Figure 2. REGIONAL MAP OF THE WESTERN
UNITED STATES SHOWING THE WESTERN
THRUST BELT, THE MESOZOIC MAGMATIC
ARC, AND THE EASTERN CORDILLERAN FOLD
AND THRUST BELT (after Burchfiel and .Davis,
1975).
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the Cordilleran frontal fold and thrust belt, where the
style of thrusting changes from north to south through the
Clark Mountain area.

The thrust faults north of the Clark

Mountain area are décollement in style and involve only
sedimentary rocks.

The thrust faults south of the Clark

Mountain area are not stratigraphically controlled and
involve Precambrian crystalline basement.
area has three major thrusts.

The Clark Mountain

They are from bottom to top,

the Keystone, Mesquite Pass, and Winters Pass thrust.

The

Keystone thrust plate has a style similar to thrusts to the
north; it is stratigraphically controlled and has no base¬
ment involvement.

The Mesquite Pass thrust plate is not

stratigraphically controlled and has only minor basement
involvement.

The Winters Pass thrust plate is not strati¬

graphically controlled and involves large areas of basement
rocks.

Winters Pass Thrust Plate
The main focus of this study is the Winters Pass thrust
plate and its crystalline Precambrian basement rocks.

Rocks

directly above the thrust contact are mylonitized gneisses
that grade upward into cataclastically deformed gneisses and
finally into gneisses cut by penetrative shear fractures.
These shear fractures can be related to thrust plate
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emplacement, and record the stress field present during
thrusting.

PRECAMBRIAN CRYSTALLINE ROCKS OF THE WINTERS PASS PLATE

The Precambrian crystalline rocks in the Winters Pass
thrust plate are quartzo-feldspathic gneisses which show
various degrees of Mesozoic cataclastic deformation and
recrystallization.

The gneisses show evidence of pene¬

trative deformation such as fracture foliation, shear frac¬
tures, elongation of quartz and feldspar, augen structures,
granulation, and linear mineral smears (Burchfiel and Davis
in preparation).

A small percentage of the rock in the

study area is amphibolite, probably formed from dikes that
are more mafic than the rest of the gneisses.

Rocks near

the base of the thrust plate can be subdivided into:

proto

mylonite, mylonite, mylonite gneiss (mylonite schist), and
blastomylonite, using Higgens' (1971) classification of
cataclastic rocks.

Rocks showing gradational changes

between these rock types are common.

Quartzo-feldspathic Gneisses
The gneisses are medium-grained with a well-developed
foliation and lack compositional banding.

The foliation is

primarily due to an alignment of micas, while quartz and
feldspar are weakly aligned.

In some area, the mica
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content is high enough for the rocks to develop schistosity.
Minerals present in the gneisses are quartz (157o-357>),
plagioclase (207o-357o), orthoclase or microcline (357>-457o),
biotite (57>-107o), muscovite (<57o) and opaques (<57>).

Zircon

was present as an accessory in some of the gneisses.

The

quartz grains are xenoblastic and have a definite resemblance
to interstitial quartz in granites (Plate 1).

The quartz is

well fractured in some rocks and shows undulose extinction
and deformation bands.

The plagioclase is subidioblastic.

Alteration of the plagioclase to sericite is almost complete
in some grains and most grains show at least some degree of
alteration.

Albite twinning is present in most of the

plagioclase and bending of the twin lamellae is common.
The potassium feldspars, orthoclase and microcline, like
plagioclase are subidioblastic and partially altered to
sericite.

The alteration of the potassium feldspars is

not as complete as in the plagioclase feldspars.

The

biotite grains are idioblastic, pleochroic green to brown,
and show signs of alteration

to chlorite along their edges.

The muscovite is present as small idioblastic grains in the
foliation.

Zircon is identified by faint radioactive haloes

in the biotite. Relict igneous textures, such as interstitial
quartz, suggest that the protolith for these rocks were
intermediate plutonic rocks.

Textural evidence suggests

11

Plate 1.

Photomicrograph of a gneiss showing relict inter

stitial quartz (crossed nichols; lower edge of the photo¬
micrograph represents 3.59 mm).
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that the order of recrystallization during metamorphism was
quartz and micas first, then the feldspars, and later the
opaques.

ProtomyIonites and Mylonites
The mylonite foliation, fluxion structure (Higgens, 1971),
is well developed near the base of the thrust plate and
overprints the gneissic foliation.

There is streaking and

some rodding of quartz and potassium feldspars.
are abundant a schistosity is well developed.

Where micas
Some of these

rocks have a button schist appearance that is due to penetra¬
tive shearing.

Quartz, plagioclase, and microcline or

occasionally orthoclase are present as porphyroclasts.
porphyroclasts range up to 2-3 mm

in diameter.

These

The plagio¬

clase porphyroclasts are usually smaller and rarer than
the other porphyroclasts.

All the porphyroclasts show

evidence of shearing (Plate 2).

They are commonly fractured

and parts of the grains are rotated, have granulated edges,
and disrupted twinning.

All feldspars are partially altered

to sericite making feldspar compositional identification
difficult.

The altered plagioclases are sheared into augen

or lenses.

The quartz porphyroclasts sometimes take the

form of augen, elongate crystals, or lenses.

The quartz

lenses are occasionally composed of only one grain as
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Plate 2.

Photomicrograph of a mylonite with porphyroclasts

showing evidence of shearing (crossed nichols; lower edge
of the photomicrograph represents 3.59 mm).
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shown by the extinction of the entire lens at one time,
but more commonly the lenses are composed of 2 to 4 grains.
These lenses are up to 10 mm
3 mm.

in length and widths of 2 to

Undulatory extinction is ubiquitous in the quartz

porphyroclasts.

Deformation bands are common in the quartz

porphyroclasts with deformation lamellae approximately
perpendicular to the boundaries of the deformation bands
(Plate 3).

Some quartz neocrystallization is present along

fractures in the quartz and potassium feldspar porphyroclasts,
and in the matrix.

Along with fragments from the porphyro¬

clasts and recrystallized quartz, biotite and muscovite are
sometimes present in the matrix.

The opaque minerals that

are present usually show evidence of shearing.

The myIonites

show more recrystallization than the protomylonites.

Mylonite Gneisses and Mylonite Schists
In hand specimen these rocks are best described as
augen gneisses or button schists depending on the amount
of mica present.

The rocks are medium grained and have a

well-developed lineation resulting from the streaking of
potassium feldspar and to a lesser extent quartz.
foliation is well-developed.

The mylonite

The augen and "buttons" have

formed predominantly by cataclasis, but show a large degree
of later recrystallization.

The porphyroclasts of quartz,

15

Plate 3.

Photomicrograph of a quartz porphyroclast showing

deformation bands with deformation lamellae approximately
perpendicular to the boundaries of the deformation bands
(crossed nichols; lower edge of the photomicrograph
represents .90 mm).
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microcline, and plagioclase have the same cataclastic
features as the porphyroclasts in the mylonites and protomylonites.

However there are very few plagioclase porphyro

clasts and most of those present are strongly altered and
crushed.

There is abundant neocrystallization of quartz

along fractures and edges of the quartz and microcline
porphyroclasts.

Also there are areas around the quartz and

microcline prophyroclasts that resemble "pressure shadows"
which consist almost entirely of recrystallized quartz
grains.

Some of the quartz crystals in the porphyroclasts

have subdomains that go to extinction separately (Plate 4).
The boundaries of these subdomains often have quartz neo¬
crystallization and occasionally a grain has become totally
recrystallized in this manner.

The matrix is largely re¬

crystallized quartz and muscovite, with the muscovite grow¬
ing parallel to the mylonite foliation.

Blastomylonites
The blastomylonites have well developed compositional
banding which is less than 1 mm in thickness.

They are

very fine grained rocks with few porphyroclasts.

When

present, the porphyroclasts are usually streaked out or
augen shaped and many are visible in hand specimen.
mineral streaking lineation is found in these rocks.

A
The
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Plate 4.

Photomicrograph of a quartz porphyroclast showing

subdomains in a single crystal that go to extinction
separately (crossed nichols; lower edge of the photomicro¬
graph represents 3.59 mm).
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blastomylonites are between 707o and 807o recrystallized.
However, a few quartz, microcline, and plagioclase porphyroclasts still remain.

The quartz porphyroclasts are totally

or almost totally recrystallized, but a few characteristics
of cataclastic deformation still remain.

What few plagio¬

clase porphyroclasts remain are almost entirely altered to
sericite.

Fractures, rotation of fragments, and large

amounts of recrystallized quartz are present in the microcline
porphyroclasts.

The largest porphyroclasts are 1 mm

diameter, but they are typically 0.5 mm
crystals are .05 mm

or less in diameter.

or less.

in

The new

No micro-shear

fractures are present in the matrix which contains quartz,
muscovite, sericite, and opaques.
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STRUCTURE

The description of the geometry and extent of the
Winters Pass thrust fault, along with the large scale struc¬
tures , are from a manuscript by Burchfield and Davis (in
preparation).

The description of small scale structures

such as small scale folds, foliation, lineations, shear
fractures, and joints are part of this study.

Winters Pass Thrust Fault
The Winters Pass thrust is a discrete surface as
opposed to being a fault zone or a series of imbricate slices.
Directly above the fault is a zone of blastomylonites whereas
the rocks underneath the fault are only slightly cataclastically deformed.

A possible explanation for this relation will

be discussed below.

The fault plane itself is essentially

horizontal except in the southeast where it has a dip of
30° to the northwest.

There are locations in the study area

where the subhorizontal attitude of the thrust fault is
interrupted by post-thrusting folds and high angle faults.
The Winters Pass thrust may extend throughout the Clark
Mountain area, since through going thrust faults are common
in this area.

The Winters Pass thrust may also extend to

Shadow Mountain, approximately eight miles southwest of Cima
Road along the Powerline Road.

The evidence for extending
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the Winters Pass thrust to Shadow Mountain is:
1) Gneissic rocks underlying the Crystal Spring
Formation of the Pahrump Group are thrust over
marble, phyllite and schist of the Carrara
Formation.
2) The thrust contact in the Shadow Mountains dips
gently east and is at the same topographic elevation
as the horizontal part of the Winters Pass thrust
south of Winters Pass.
3) The gneiss at Shadow Mountain is cataclastically
deformed and lineated identically to the rocks at
the base of the Winters Pass thrust plate.
4) The lineations in the basement rock at Shadow
Mountain parallel lineations in the Winters Pass
plate northwest of Winters Pass.
5) The attitudes of shear fractures found in the
Shadow Mountain area are consistent with those
found in the Winters Pass plate (this study).

Folds
There are two large scale folds in the study area.
Both of these folds are in the late Precambrian to Cambrian
sedimentary rocks.

The first is an anticline in the Winters

Pass plate itself, directly north of Winters Pass (Figure 3).

U O *
HH • (O
Ü CQ rl
O ^ >

ssa
cd

.—

0-.

OJ H 0 ‘
M co co
d
60

22
This anticline is partially overturned to the northeast and
has tight, overturned digitations along its hinge.

The anti¬

cline has been truncated by the Winters Pass thrust and some
of the small folds have been overturned and refolded into
synformal anticlines.

Although it is not clear that the

second folding event occurred during thrusting, it is not
inconsistent to suggest that two periods of movement on the
Winters Pass thrust plate may have taken place (Burchfiel
and Davis, in preparation).
The second large scale fold is a complicated refolded
structure, which is found in a half-window in the lower
plate of the Winters Pass thrust.

This half-window is

exposed four miles west of Winters Pass (Figure 3).

Figure

4 is a three dimensional representation of this refolded
fold.

Burchfiel and Davis (in preparation) have interpreted

this structure as an isoclinal syncline overturned to the
southeast and then refolded into a synform that is over¬
turned to the northeast.

This interpretation requires two

discrete movements of the Winters Pass thrust plate: the
first in a southeasterly direction and the second in a north¬
easterly direction.

There are other ways to explain this

refolded fold but this interpretation is most consistent with
the shear fracture data which was collected in this study,
and presented later.
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Three dimensional representation of the refolded

fold exposed in the half-window four miles west of Winters
Pass (Burchfiel and Davis, in preparation).
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Although no large scale folds are found in the gneisses,
there are many smaller scale folds (Plate 5).

The small

scale folds do not fold the thrust fault itself.

The scale

of these folds ranges from crenulation size to folds with
amplitudes of a meter or more and wave lengths of two or
three meters.

Most of these folds are related to the thrust¬

ing events as evidenced by the orientation of their fold
axes and timing relationships.

The fold axes are subparallel

or parallel to the intermediate stress axes-- ^--inferred
from the shear fracture data.

The other folds in the area

not directly related to the thrusting were not studied.
Kink-band folds are found in the blastomylonites.

The fold axes and sense of these folds are plotted in
Figure 5.

The plot includes all the folds measured,

although they are not all from the same locality.

Nothing

conclusive can be drawn from this plot due to insufficient
data.

However, the fold axes plotted in the northern half

of the plot appear to lie on a great circle.

Using the

Hansen analysis (Hansen, 1975), this data indicates slip
direction to the north northeast.

This is consistent with

one of the directions of movement already proposed, but since
the data is relatively poor no other conclusions should be
drawn.
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Plate 5

Small scale fold found in the gneiss near area 23
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Figure 5.

Plot of kink-band fold axes and their asymmetry.

The fold axes are plotted on the lower hemisphere of an
equal-area stereonet.
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Foliations
The gneissic foliation is well developed in all areas
of the upper plate except in the more massive quartzo-feldspathic rocks.

The gneissic foliation is defined by layers

of predominantly quartz and feldspar alternating with layers
that contain greater amounts of mica.

Rocks with large

percentages of mica have a schistosity along with the
gneissosity.

Attitudes of the gneissic foliation were not

always measured, since that is outside the scope of this
study.

The shearing of the gneiss which occurred during

thrusting accents the already developed gneissic foliation.
Near the thrust fault a well developed cataclastic
foliation occurs.

This cataclastic foliation overprints the

pre-existing gneissic foliation.

In places the cataclastic

foliation is paralleled by a poorly developed fracture
foliation.

Figure 6 is a plot of the cataclastic foliations.

The pattern of the plot indicates a broad warping, and it
appears from this limited data that the cataclastic
foliation parallels the orientation of the gneissic folia¬
tion.

This strongly suggests that the orientation of the

thrust fault was controlled by the orientation of the
foliation in the gneiss, which must have been a zone of
weakness.

This hypothesis is tentative and much more data

is needed before a more definite conclusion can be made.
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Figure 6.

Thirty-one poles to cataclastic foliations

plotted and contoured on the lower hemisphere of an equalarea stereonet.

The contour lines represent 1/2, 3, 6, 9,

and 12 percent per 1 percent area with the 1/2 percent per 1
percent area contour dashed.
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Lineations
There are two prominent mineral lineations present:
one with a northeast-northwest subhorizontal trend, and the
other one with a northwest-southeast trend and a plunge of
up to 30° (Plate 6).

Both lineations are found throughout

the upper plate and within quartzites of the lower plate,
just below the thrust.
and feldspar streaking.

The lineations are defined by quartz
The mineral lineation that trends

northeast-southwest formed cataclastically with varying
amounts of recrystallization, and is parallel to the
orientation associated with the first thrusting event.
This lineation will be termed lm^.

The northwest-southeast

mineral lineation formed as a result of the intersection of
the gneissic foliation and the shear fractures associated
with the second thrusting event, and will be referred to
as lm2-

Usually the northwest-southeast lineation, ln^,

is predominant in those areas where gneissic foliation is
well developed, a high mica content is found in the mafic
layers, and where the rock is very penetratively fractured.
Figure 7 is a plot of mineral lineations.
Coaxial to each of the mineral lineations is a crenulation lineation.

The crenulations are not well developed

enough to be called a crenulation cleavage.

This crenula-

tion lineation is a result of the small scale folding in
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Plate 6 .

Lineations lm^ and lnuj,.
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Figure 7.

Plot of mineral lineations lm^, circles, and ln^,

crosses.

The lineations are plotted on the lower hemisphere

of an equal-area stereonet.
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the gneiss that was mentioned above.

The crenulation

lineations that are coaxial with lm^ and ln^ will be
referred to as lc^ and IC2 respectively.
Often the line of intersection between shear fractures
was measurable even though the shear fractures themselves
were not.
8.

The results of these measurements are in Figure

As can be seen from this figure, the intersections of

shear fractures are parallel to subparallel to the mineral
lineations.

One slickenside surface was found.

The

striatians had an orientation of 10° N55°W and from the
slickenside surface a direction of transport to the south¬
east was inferred.

Shear Fractures and Joints
Shear fractures and joints are found throughout the
upper plate of the Winters Pass thrust.

For discussion

here the fractures will be divided into two groups, the
first are smaller scale penetrative shear fractures spaced
.1 to .3 cm

apart, and the second are larger scale shear

fractures and joints.

The reason for this division is that

the stress distribution data discussed later is derived from
the smaller scale penetrative shear fractures.
The smaller scale shear fractures when well developed
form conjugate sets of shear fractures giving the rock the

33

Figure 8.
fractures.

Plot of the lines of intersection between shear
The intersection lines are plotted on the lower

hemisphere of an equal-area stereonet.
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appearance of a button schist (Plate 7).

There are con¬

centrations of up to 3 or 4 shear fractures per centimeter.
The larger the percentage of mica in the rock the better
developed are the shear fractures.

Hence, the shear fractures

are not well developed in the highly quartzo-feldspathic
rock and are not measurable.

Also, the greater distance from

the thrust fault, the less developed are the shear fractures.
Shear fractures are also found in the blastomyIonites.

These

shear fractures, however, are not as well developed as *the
shear fractures in other rock types.

The shear fractures

crosscut the cataclastic foliation and the conjugate pairs
are approximately bisected by the cataclastic foliation.
The cataclastic foliation has affected the orientation of the
shear fractures by making the acute angle between the conjugate
pairs markedly less than the angle between conjugate pairs
found in the gneissic rock.

As in the quartzo-feldspathic

lithologies the shear fractures in the blastomylonites
were, in general, not measurable.
Two separate and distinct conjugate shear fracture
sets exist and were measured.

The measurements of one of

the conjugate sets, termed cs-p indicate a stress pattern
with

approximately horizontal trending northwest-southeast

and CT3 plunging between approximately 40° to the southwest
and vertical, and between vertical and 50° to the northeast.
This stress distribution will be termed stress distribution A.
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Plate 7

Small scale shear fractures
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The other conjugate set, termed CS2, yields a stress pattern
with Capproximately horizontal trending northeast-southwest
and

plunging between 45° and 80° in a southeasterly

direction.

This stress distribution will be termed stress

distribution B.

It is assumed that stress distribution A

occurred first and then was folded by movement caused by
stress distribution B, as evidenced by: 1) the plunge of
O3 of stress distribution A ranges over 90°; 2) the plunge
of

of stress distribution B has only a 35° range; and 3)

the orientation of

is parallel to the fold axes of the

folds that would have developed from stress distribution B.
This explains the fact that the <Xj orientations are so varied
in stress distribution A and fairly uniform by comparison
in stress distribution B.

The shear fracture measurements

and stress distributions will be discussed in greater detail
in the section on stress distribution.
Larger scale shear fractures and joints are found
throughout the study area (Plate 8).

These joints and

fractures are spaced anywhere from 5-10 centimeters apart,
up to 25-30 centimeters apart.

Sometimes they are found as

single fractures (the word fracture will indicate both the
joints and large scale shear fractures in this paragraph) as
opposed to closely spaced sets.

The opposing faces of the

fractures sometimes have up to one centimeter of separation.
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Plate 8.

Large scale fractures.
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Measurements of the attitude of the fractures show most of
the fractures having dips of greater than 40° (see Appendix
3 for the plots of the measurements of these fractures).
However, the fracture patterns are not consistent over the
area in which the measurements were taken.

The fractures

indicate a stress distribution with a near vertical G^.

Due

to the lack of consistency in the fracture data and since
the near vertical orientation of

deduced from these data

is not related to the thrusting, measurements of the larger
scale fractures were taken only from one third of the study
area.
Micro-shear Fractures
Micro-shear fractures were found in thin sections
taken from all areas of the study area (Plate 9).

Thin

sections were made to determine if micro-shear fracture
data would confirm the macro-shear fracture data and then
to provide data where macro-shear fractures were poorly
developed.

As with the macro-shear fractures, the micro¬

shear fractures were more poorly developed further away from
the thrust fault.

Also, the grains in the blastomylonites

are too small and were rotated too much to get good measure¬
ments of the micro-shear fractures.

Appendix 2 has plots of

the micro-shear fractures that were measured.

Some of the
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Plate 9.

Photomicrograph showing micro-shear fractures

(plain light,; lower edge of photomicrograph represents
3.59 mm).
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plots such as plots 12B, 33, and 49E indicate that the shear
fractures are a result of the stresses causing the thrusting.
However, the pattern of plots 6A and 44 are interpreted as
the result of a flattening phase with respect to the
foliation.

Other micro-shear fractures which are not related

to the stress distribution caused by a thrusting or flattening
event, were found.

More in depth discussion of the stress

pattern derived from the micro-shear fractures is presented
in the section on stress distribution below.

Timing of Structural Events
The first dynamothermal metamorphic event to effect
the rocks was Precambrian.

During this event the gneissic

foliation formed along with a weakly-defined mineral streak¬
ing.

The mineral streaking has approximately the same

attitude as the lineation ln^.

The gneissic foliation is

not found in the overlying late Precambrian Noonday Dolomite,
thus dating this event as Precambrian.

M. A. Lamphere (1964)

used both potassium-argon and rubidium-strontium age dating
methods to date the basement rock in the Mountain Pass area
20 miles southeast of the study area.

The rocks in the

Mountain Pass area are "very similar to the biotite-bearing
gneiss located ... in the Winters Pass Hills" (Lamphere,
1964).

The age Lamphere reports for this metamorphic event
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is approximately 1,650 million years before present.

Based

on similar age dates from rocks of other areas in the eastern
Mojave, Lamphere (1964) concluded that this event was regional
in nature.
The thrusting events occurred in the Middle to Late
Triassic and in the late Jurassic to early Cretaceous
(Burchfiel and Davis, 1972), with thrusting to the southeast
occurring in the earlier event.

Evidence for the southeaster¬

ly thrusting being oldest is as follows:
1) The refolded overturned folds indicate that move¬
ment was first to the southeast and then later to
the northeast (as was discussed in the section on
folds above).
2) The stress pattern associated with the southeastern
thrusting shows that the Winters Pass plate was
later folded around an axis which is approximately
horizontal and trends northwest-southeast (as was
discussed in the section on shear fractures above).
This event is assumed to be associated with the
northeasterly directed thrusting.

This assumption

is made since no other events were found that would
give compressive stresses in the northeast-southwest
direction.
3) The conjugate shear fracture set cs^ that was a
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result of stress distribution A, and was related to
thrusting in the southeastern direction, is older
than the other set of conjugate shear fractures
cs£•

This age relationship is evidenced by the

shear fractures of cs^ having been folded by the
event that formed the IC2 lineation, and that IC2
is crosscut by the shear fractures of conjugate
shear fracture set cs2*
The cataclastic rocks and the lineations lm^ and lc^ were
formed during the first thrusting event.

All three fabric

elements formed prior to the development of the crenulation
lineation, which rotates these earlier fabric elements.

The

conjugate shear fracture set cs^ formed after formation of
the cataclastic rocks and the two lineations, lm^ and lc^, as
widened by shear fractures cross cutting these features.
Folding continued after formation of the crenulation
lineation.
The second thrusting event produced more brittle
structures than the first.

The mineral lineation ln^ was

formed by the intersection of shear fractures and the foli¬
ation in contrast to streaking and recrystallization processes
forming lm^.

During the thrusting to the northeast, the

crenulation lineation IC2 formed first.

The crenulations

folded all the previous lineations, lm^, lc^, and foliations.
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The second conjugate shear fracture set CS2 developed late
during crenulation formation and formed the mineral lineation
lm2.

Folding continued after development of the shear

fractures.

Timing relations are demonstrated by the CS2

shear fractures crosscutting the crenulation lineation lc£
and in some places these shear fractures have been folded by
the second folding event.
After the second phase of thrusting, some high angle
faulting and additional folding affected all earlier fabric
elements (Burchfiel and Davis, in preparation).

There also

were joints and larger scale shear fractures that formed
after the thrusting.

Neither the high angle faults, folds,

joints, or large scale shear fractures were studied in
enough detail to make any further comments on their age
relationships.
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STRESS DISTRIBUTION

A three dimensional stress distribution was determined
for the Winters Pass thrust plate of the study area from
analysis of conjugate shear fractures.

The study area was

divided into sixty-five approximately equal areas and macro¬
shear fractures were measured as close to the center of each
area as possible.

When possible, 50 macro fractures at each

location were measured.

In each area an oriented sample

was taken in order to study micro fractures.

Figure 9 is a

location map of all the stations used in this study.
Friedman’s method (Friedman, 1963) was used for determin¬
ing the stress trajectories from the macro- and micro-shear
fracture data.

He states that during deformations with

Oj>02>03> three sets of fractures developed: two sets of
shear fractures and one set of tension fractures.

The

tension fractures bisect the angle between shear fractures
and are parallel to the principal stress CT^.

The resulting

plot on an equal-area stereonet of the poles to these fractures
consists of three maxima on a full or partial girdle.

There¬

fore, O3 is the bisectrix of the acute angle between the two
maxima that represent the shear fracture sets.
bisectrix of the obtuse angle is

0 2, is 90 degrees from O1^ and O^.
~

While the

the intermediate stress,
The stereonet plots of

X
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the fracture data for this study (found in Appendices 1 and
2) have only two, well developed maxima.
are poles to the two shear fracture sets.

These two maxima
This is demonstrat¬

ed by offsets on the fractures.

Presentation and Analysis of Macro-shear Fracture Data
The macro-shear fracture data for each area are pre¬
sented in Appendix 1 as pi diagrams.

The pi diagrams were

plotted and contoured by computer except for the plots for
areas 49, 56, and Shadow Mountain area which were plotted
and contoured by hand.

The computer program used was

"Fortran IV Program for Construction of Pi Diagrams with
the Univac 1108 Computer" (Warner, 1969).

This program was

adapted by the author with the help of Joel Gevirtz so that
it could be used on the available computer, an I.B.M. 370.
Most of the plots have two distinct maxima with definite
concentrations on a partial girdle.

However, the plots for

stations 28, 30, 35, 40, and 57H have two concentrations for
one or both of the maxima.

In these cases, the concentration

that has the greatest area was used as the point of maximum
concentration in determining the stresses.

In the case

of the plot for station 3ft which has two concentrations of
equal area,the point used as the greatest concentration is midway
between the two.

The plots for areas 13A, 44, and 49 have

47
one elongate maximum on a partial girdle, and the points
used as the highest concentration of poles were the ends
of the elongate maxima.

The plots for station 56 and the

Shadow Mountain area are included even though they have only
11 and 16 data points respectively.

Even with this small

amount of data the stress distributions derived are consistent
with the general stress distributions found in the Winters
Pass area.
The pi diagrams for stations 7B, 8B, and 42B have
three distinct maxima indicating that both conjugate shear
sets were measured at these locations.

For the plot of 7B,

the shear fractures forming the elongate maximum in the
southwest quadrant are obviously a conjugate shear fracture
set.

If this plot is accepted as two discrete conjugate

shear fracture sets as has been interpreted, then the elongate
maximum,as opposed to the usual two maxima on a girdle, and
the ten per cent maximum in the eastern part of the plot can
be explained.

Since the three maxima on the plot for station

8B do not fit on one girdle, there are probably two different
conjugate shear fracture sets within the greater than 25%
maximum, and the maximum contains pole points from shear
fractures from both conjugate sets.

The same interpretation

can be applied to the plot for station 42B.
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Presentation and Analysis of Micro-shear Fracture Data
The micro-shear fractures were measured on a five-axis
universal stage, plotted as pi diagrams, rotated back to the
field orientation, and then contoured by hand.

The same

methods for choosing the points used as high concentrations
for the macro-shear fractures were used for the micro-shear
fractures.

The plots of the micro-shear fracture data are

included as Appendix 2.
Stations 6A, 12B, 26, 31, 33, and 44 were chosen for
comparison of the micro- to macro-shear fractures because the
macro-shear fracture patterns were well developed at these sta¬
tions.

Stations 6A and 44 show no agreement between the stress

distributions found from analysis of the macro- and micro¬
shear fracture data.
than 40° and

The plots for both have O3 plunging less

plunging greater than 45°.

The shear fracture

patterns are probably a result of flattening stresses since
is nearly perpendicular to the foliation in each case.
Station 12B shows good agreement between the stress patterns
found using macro- and micro-shear fracture data: a 6°
difference between the O^'s; a 3° difference between theO^'8»
and a 7° difference between the O^'s.

The agreement between

the macro- and micro-shear fracture data at station 33 is as
good as that for station 12B when comparing the
stress pattern for the cs^ shear fracture set:
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a 6° difference between the O^'s; a 6° difference between
the CJ^'s; a 5° difference between the CT^'s.

The stress

patterns associated with the cs£ shear fracture set for
station 33 are not in as close agreement as the shear
fractures at station 12B and cs^ for station 33, with a

22° difference between the 0^'s, a 10° difference between
the O^'s, and an 18° difference between the 0*3's.

However,

the difference in the CS2 shear fractures for station 33 is
not great enough to state that the macro- and micro-shear
fractures do not yield the same basic stress pattern.

The

agreement between the macro- and micor-shear fractures at
station 31 is poor: a 42° difference between the 0^'s; a
42° difference between the 0^'s; and a 44° difference
between the 0^'s.

However, the 0^ and 0^ as derived from

the micro-shear fractures are in the same quadrants as the

0^and 0£ that are derived from the macro-shear fracture
data, and the 0^'s derived from both shear fracture data are
in good agreement.

Explanations for the disagreement between

the 0^'s and could either be poorly measured orientation
of the sample in the field, or unobserved folding of the
macro-shear fractures between the location they were measured in
and the location which was sampled for microscopic study.
The last explanation may be more important, since the samples
for microscopic study were often collected a short distance
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from the location of the macro-shear fractures, because
samples collected for microscopic study from the location of
the macro-shear fractures often fell apart.

The stress dis¬

tribution from the micro-shear fracture data at station 31
is in better agreement with the regional (i.e., study area)
stress distribution than is the distribution derived from
the macro-shear fractures.

The stress distribution at

station 26 derived from the micro-shear fractures did not
agree with the distribution found from the macro-shear frac¬
tures.

However, the stress distribution determined from the

micro-shear fractures agrees with the orientation of stress
distribution A, while the distribution derived from the
macro-shear fractures agrees with the orientation of the
stress distribution B.

If the thin section had been cut

perpendicular to its present orientation (and not parallel
to the foliation), the stress distribution derived from the
micro-shear fractures would probably agree with the stress
distribution that was derived from the macro-shear fracture
data.

From the above comparisons of stress distributions

from macro-shear and micro-shear fractures, it can be assumed
that the micro-shear fracture data can be used in conjunction
with the macro-shear fracture data for determining stress
distributions, unless the stress distribution is obviously
related to the flattening associated with the foliation
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(i.e., 0"i perpendicular to the foliation).
In general, the micro-shear fractures associated with
the flattening event are more prominent higher in the thrust
plate.

Examples are stations 6A and 23A.

Conversely, the

most prominent fractures close to the thrust are the micro¬
shear fractures which are related to the thrusting.
are stations 20B, 45A, and 49E.

Examples

However, the formation of

the blastomylonites, at or very near the thrust, has either
obliterated the micro-shear fractures or impeded their
development due to the mechanical properties of the biastomylonite.
Figure 10 is a map with the stress distribution inform¬
ation plotted.

The stress distributions that are represented

by solid arrows are part of the stress distribution A, the
stress system related to the first thrusting event.

The

dashed arrows represent stress distribution B, the stress
system related to the second thrusting event.

In order to

determine the stress system each stress distribution is
associated with, the related conjugate shear fracture set
was checked for its timing relationships.

The shear frac¬

tures are a result of stress distribution A, if the related
shear fractures were folded about a horizontal axis perpen¬
dicular to the derived C^, direction, and/or 0^ was parallel
or subparallel to the mineral lineation lrn-^.

Those shear
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fractures which are a result of stress system B have their
related shear fractures cross-cutting folds with axes
parallel to subparallel to the derived 0^ direction, and/or
the

direction parallel to subparallel to the mineral

lineation ln^.

Macro-shear fracture data was used for

determining stress distribution on the map whenever possible.
Areas where the stress distribution was derived from micro¬
shear fracture data are marked as such on the map.

Stress Trajectories
A stress trajectory map was made for both stress
distributions A and B (Figures 11 and 12).

The maps show

the CT-^ trajectories as solid lines and the 0"2 trajectories
as dashed lines.

Control points are indicated by arrows.

There has been no correction made for elevation changes.
As can be seen by the variation in direction of the arrows
at the control points, there is a substantial amount of
undulation of the stress trajectories.

Folding in the stress

trajectory cross sections is very evident (see Figures 13 and
14).
The lines of the cross sections were picked to be as
nearly parallel to the

and

trajectories as possible,

and to go through areas with the most data.

The sections

were adapted from sections of Burchfiel and Davis (in

Figure 13.
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preparation).

Cross section A-A ' shows the <7^ and

stress

trajectories for stress distribution A, whereas cross section
B-B ' shows the CT, and

stress trajectories.

Cross section

C-C ' shows the

and(3^ stress trajectories and cross section

D-D' shows the

and

stress trajectories for B.

In all

the cross sections CTg trajectories are the dashed lines.
Sections A-A' and C-C ' are along the same line,as are B-B '
and D-D

1

respectively.

This dual labeling of the same

section lines is to avoid confusing the cross sections
between the stress distributions A and B.

Control on the

cross sections as with the maps of the stress trajectories
is indicated by arrows.

Unfortunately there is little data

closer than 200 feet above the thrust fault.

This lack of

data leaves a substantial gap in the stress distribution
information in an area, where changes in the stress trajec¬
tories might be expected.

The lack of information is due

to a paucity of prominent macro- and micro-shear fractures
close to the thrust fault.

With very careful and more

rigorous work, stress distribution data for this area near
the bottom of the thrust plate might be developed.
There is no apparent change in orientation of the
stress trajectories in relation to the distance above the
thrust fault for either stress distribution A or B.
there are two local anomalies.

However,

One of these anomalies,
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found in the northwest part of both stress trajectory maps,
is where a road crosses the study area (in the area of
station 10).

This warping of the stress trajectories is not

as pronounced on the map of the stress trajectories for
stress distribution A as it is on the map of the stress
trajectories for stress distribution B, because the only
control point that gives an indication of this warping in
stress distribution A is at station 10.

The warping of the

stress trajectories is probably a result of rotation that
occurred during movement of the vertical fault in this area.
The other anomalous warping of the stress trajectories
occurs only on the stress distribution B map, in the area of
the large slide blocks in the southwest part of the study area.
Since the trajectories of stress distribution A were not
warped, the stresses formed in this orientation, and not in a
different one, which was later rotated by folding or faulting
to its present orientation.

A local stress in this area,

added to the regional stress from the thrusting, could cause
this warping (Figure 2 - 15 in Ramsey, 1967).

The local

stresses could be due to localized igneous activity or to an
irregularity in the surface over which the thrust plate is
moving at the time of formation of the shear fractures.

If

the stresses developed as a result of an irregularity in the
surface, then to avoid a rotation from folding, the local
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stresses would have to be relieved by a small thrust slice
breaking away from the bottom of the thrust fault.

Along the

southwest edge of the thrust plate such slices do exist,
which gives support to this explanation.

Evidence in the

study area for the local stresses being due to igneous
activity is limited to one small basic intrusion

in the

southwest part of the area below the Winters Pass thrust.
As was mentioned above, both stress distributions A
and B are folded.

This is obvious in the cross sections

(Figures 13 and 14).

The stress trajectories of stress

distribution A are folded much more than those of stress
distribution B.

This is expected since the second stress

distribution, B, would also cause folding of the stress
trajectories associated with the first stress distribution,
A.
Many of the

stress trajectories plunge in a direction

opposite to that which would be expected from the direction
of movement of the thrust plate.

The direction of the first

movement of the thrust plate is southeast.

However, the <X^

stress trajectories at both ends of cross section A-A1, for
stress distribution A, plunge to the northwest.

Similarly

in the northeast end of cross section D-D', for stress dis¬
tribution B, the

stress trajectories plunge southwest

instead of northeast,which is the direction of movement,
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Several interpretations can be proposed to explain
these unexpected results.

1) The stress trajectories could

be folded or warped; however, there is no indication that
the thrust plate is warped in these areas, although unrecog¬
nized folds could be present.

2) The present thrust fault is

later than stress distribution A and hence may be a thrust
surface not directly related to that stress fold.

However,

stress field B, the later one, should be related to the
present thrust.

3) The stress field developed during

thrusting may change during the movement of the plate.
That part of the stress field recorded in the shear fractures
may be early or late in the emplacement of the thrust plate.
Thus the final fault which forms the base of the plate could
develop at a time slightly different from the stress field
recorded in the shear fractures.

It is interesting to note

that the stress fields determined from the shear fracture
study is consistent with two periods of thrusting and is
consistent with an expected stress field for a thrust fault.
Because data was presented suggesting that the shear
fractures form early in the thrusting history this latter
explanation is regarded as the more correct one.

However,

the deviation of the stress field from the expected one
requires additional study beyond the scope of this thesis.
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SUMMARY AND CONCLUSIONS

Two periods of movement have occurred on the Winters
Pass thrust, the first to the southeast and the second to
the northeast.

The major evidence for this interpretation

comes from conjugate shear fracture data and the refolded
fold in a half window four miles west of Winters Pass.

The

Winters Pass thrust probably formed in £he manner discussed
by Armstrong and Dick (1974):
At the time of detachment, the relatively
brittle and rigid cover moves away from
its underlying thermally softened base.
At first, displacement between cover and
and base is penetrative, but as strain
softening (and shear heating?) proceeds,
displacement becomes localized along a
fault zone that will be parallel to iso¬
therms in the rock, and the overthrust
crystalline-based sheet is thus freed from
its base.
The present study suggests that the orientation of the fault
surface was also dependent on the orientation of the pre¬
existing foliation in the gneiss, since the fault surface
is parallel to the gneissic foliation.

The second thrusting

event was more brittle in its character than the first event.
No biastomyIonites were formed during the second period of
movement, and some of the earlier formed blastomyIonites
were scraped off the bottom of the thrust plate during
this second thrusting event.

The second mineral lineation,
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lni2, was formed during fracturing, as opposed to lm^ lineation
which was formed by folding.
Deformation is most intense in the rocks near the thrust
fault and decreases in intensity away from the thrust.

This

can be seen in the variation in intensity of cataclastic
deformation, folding, macro-shear fractures, and micro-shear
fractures throughout the thrust plate.

The cataclastic

deformation is greatest at the thrust where blastomylonites
have developed.

At higher levels in the thrust plate, the

amount of rock cataclastically deformed and the degree of
cataclasis decreases, and is nearly absent toward the top
of the gneiss.

The macro- and micro-shear fractures assoc¬

iated with the thrusting are generally well developed near
the thrust and die out in intensity and extent at the higher
levels of the thrust plate.

However, this does not hold

true in areas that are blastomylonites or massive quartzofeldspathic rock, since shear fractures are never well
developed in these rock types regardless of proximity to
the thrust fault.

The folds in the blastomylonites are kink

folds, while higher in the thrust plate the folds are more
open.

This also indicates a greater amount of deformation

near the thrust fault.
Stress distributions in the Winters Pass thrust were
determined by shear fracture data.

Comparison of the macro-
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and micro-shear fractures has shown that either of the two
can be used in determining stress distributions in the study
area.

For each of the two movements on the Winters Pass

thrust fault, a separate stress distribution was found.
Two interesting points regarding shear fractures and stress
distributions were determined.

The first is that the shear

fractures form early in both thrusting events, since the
stress trajectories derived are folded by later folding
which occurred during thrusting.

Secondly, stress distri¬

bution B had a local stress field added to the regional
stress field during the second period of thrusting.
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APPENDIX 1

Pi Diagrams of Small Scale Shear Fractures
The diagrams are equal area, lower hemisphere con¬
toured plots of fifty measurements unless otherwise noted.
The contour interval for each plot is 5 percent per 1 per¬
cent area, with dashed contour lines representing the 1/2
percent per 1 percent area contour.

The diagrams for area

56 and Shadow Mountain are exceptions to this.

Because

area 56 has only 11 points plotted, the diagram was not
contoured.

The diagram for Shadow Mountain has contour

lines of 1/2 7-1/2, 15, and 20 percent per 1 percent area.
The orientation of the stress trajectories and the stress
distribution with which they are associated are listed
next to each diagram.

The stress distributions are listed

as belonging to SDA (stress distribution A) or SDB (stress
distribution B) as used in the text.
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APPENDIX 2

Pi Diagrams of Micro-shear Fractures
The diagrams are plotted on the lower hemisphere of an
equal-area stereonet. All of the diagrams except those for
areas 31 and 33 have contour lines of 1/2, 3, 5, 7, and 9
percent per 1 percent area.

The diagram for area 31 does

not have a 7 percent contour line and the contour lines for
the diagram of area 33 are at 1/2, 2-1/2, 5, and 7 percent
per 1 percent area.

The dashed line in each diagram is

the 1/2 percent per 1 percent area contour.

Each diagram

is interpreted as being a result of stress distribution A,
stress distribution B, or a flattening stress distribution
and are labeled SDA, SDB, or FS respectively.
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APPENDIX 3

Pi Diagrams of Large Scale Shear Fractures and Joints

The diagrams are plotted on the lower hemisphere of
an equal-area stereonet.

Each diagram is a contoured plot

of 50 measurements unless noted differently next to the
diagram.

The contour lines for the diagrams are the 1/2,

3, 6, 9, and 12 percent per 1 percent area contours, with
the 1/2 percent per 1 percent area contour dashed.
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