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ABSTRACT

The Golconda allochthon and the subjacent autochthonous Permian
Diablo Formation in the southern Toiyabe Range record Paleozoic and
Triasgic depositional and tectonic events that permit partial recon-
struction of the architecture of the local North American continental
margin in that period. The allochthon conmsists of moderately- to
steeply-dipping NNW-striking fault-bounded packets that mainly ineclude
upper Paleozoic rocks. In general, the lowest packets contain terri~-
genous rocks, and hemipelagic, volcanogeniec~basaltic, and pelagic rocks
occur im progresaively higher packeta. BSubordinmate packets of lower
Paleozoic and Lower Triassic rocks occur at the base of the allochthon.
Serpentinite occurs near the base of the allochkthon as claasts in terri~

genous packets and as lemses in packet-bounding faults.

Five phases of deformation are recegnized in the upper Paleozoic

packets: 1) isoelinal Fl folding and formation of axial plane cleavage,

2} thrust imbrication, 3) F2a folding in packet-bounding thrusts and
local F2b folding along the thrusts, 4) F3 kink foiding, and 5) local
F4 folding and faulting at the Golconda thrust zone. Deformation of
lower Paleozoic rocks in the Golconda allochthon cccurred partly before
dttachment to the allochthon. The Lower Triassic rocks are less
deformed tham the other rocks in the allechthen. The autochthoncus
Diablo Formationm is homoclinal with sporadic mesoscopic folds. An
fast-west component of contraction that persisted through most phases

of deformation is indicated by the tectonic fabric im upper Palesozoic
ii
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The Golconda allochthon may represent an accretionary prism of a
west~dipping subduction zone related to an intraoceamic island arc that
exiasted between the Misgisgippian and Early Triassic. Upper Paleozoic
rocks were deposited in the contimental shelf and slope, and abyseal
plain of an oceanic basin that existed east of the arc. The Triassic
rocks may be interpreted ss foreland basin deposits of the Golconda
accretionary prism. These were overthrust by the prism and were partly
incorporated with lower Paleozoic rocks into it as the prism prograded
east, relative to Horth America, by accretion. The serpentinites may
represent oceanic crustal or mantle rocks that were incorperated into
the allochthon by upward plastic motion along packet-bounding thrusts
or extensional faults, sadimentary processes, or a combination of

thezge,

iii



ACKNOWLEDGEMENTS

1 am particularly grateful to R. €. Speed for introducing me to
the problem, his continuous support and guidance throughout the work,
and critical review of the manuscript. I would like to thamk A. A.
Babaie and my wife 5. Babaie for their field assistance.

1 wish to thank B. M. Murchey and D. L. Jones and A. G. Harris for
the identification of radiolaria and conodonts, respectively. This
research was funded by grants from Gulf 0il Co. and NSF & RaAR-7911150
{R. C. Speed, principal investigator) and by the Geological Society of

America and Northwestern Univeraity’s Special Dissertation Fund,
¥ P

ABSTRAC

ACKNOWL

TABLE 0

LIST OF

LIST OF

LIST OF

CEAPTER



g me to
the work,

ik A, AL

larris for
21y. This
\R-7911150
ociety of

1d.

TABLE OF CONTENIS

ABSTRACT v rsevvunaneaseanesarsssnsnsnnnrrensananenns BN i
ACENOWLEDGEHENTS ...ivuuvivnnrennareenss e D L
TABLE OF CONTENTS 4 .uvvavenvvouorarrosasorssirsoaseraanssaeneaee ¥
LIST OF TABLES 44iuivvonvsrniconannsnans et iesaeedaairae e viii
LIST OF PLATES . . . . iiiiieiinnaen, v viii
LIST OF FIGURES, | . i uiiieierrerirnisaitnnsiesttrasnssnses X
CHAPTER 1: INTRODUCTION |, .. ... iivvnenvronnnnrananorasssaseraes 1

Background ..., ...t iiiiiiinnranaarnnarbaerbenareirsriereas 1

Statement of the problem .. ., ..., ... .c.ieireieevennennanereas 11
Method of study ... ... vivuivusvunsivrunrrennssssaresnsereas 13

CHAPTER 2: TECTCNOSTRATIGBAPHY OF THE GOLCONDA ALLOCHTHON 1IN
STUDY AREA L. .iitiiiinnrrrninrisarasnaorennreesssas. 14

Introduction ., .., . esaansorrransersrnennvaes
Allochthonous rocks ,,,..... e e trvaesss 23

I~ Upper Paleozoic rocks ......... |
1) Terrigenous Tocks ., .. v.vververrernsesonarens 25
Depositional enviromment ................... 30

2} hemipelagic rocks ....i.iiiriininrinaennnn ceee 32
Depositional envirobment ........cvvvvvnnens 32

3) Volcanogenic FOCKS ..uuviursrrreneovanansas ee 32
Depositional enviromment .......icivesneea0. 35
4) Pelagic TOCKSE +uvivesvsvesssnnsncranarsenacsas G0
Depositional enviromment ..............000... 41
Facies Gnalysis ...v.iiiivivnricrrentrenarenanea. 42

11~ Lower Paleozoic rocks ,,.,..... et ieaaaeeaaaas 44

I1I~ Triassic and Triassic (7) roeks ......vvvivnvnnns. 45
Depositional enviromment ,......,....c0u0 Creeias . 46

DAl B Lt iurrneninnanrersenersnrensrrrerornatonastonearans 47
Autochthonous ToCKS ... i iietiiinnnvnrarrrracinnsarnveneas &8
Lower Paleozoic rocks ,..,..... Ve e e eaaaraeaias 49
Diszblo Formatiom (Pd) ..... et 50
Depositional enviromment .. ............c000veuvinn 51

Toiyabe Quartz Latite (Tql) ... ... .iiinniininnnnnn 52
Ophir plutom (Tgr} ....... e et 52




intreduction

Syn-thrust deformation

L L I I S R A

Pre~thrust deformation .....

Tk

Prrrans

Post-thrust deformation ..,...

Method and terminelogy ...

Fl folds

1T e

Dowain 12 .

Domain 7

Other domains .,
Fla folds ,...,.
F2b folds ......

¥3 folds

Demain 8
Demain 12

Discussion D

e v

Domain 7h5%

s

Pave s

e

.

teaw fraean
TrrAd e st eanaaaan taae
LI I
Sanear e teraen

DR N T

LR I I TR T R R R,

LI IR

I R

Aaraara

LR R I A R R A RN

T e

DI PRI

CHAFTZR 3: STRUCTYRAL GZOLOGY OF THE GOLCONDA ALLOCHTHON ....

D I I A IR

L R R I T T

L R

4k aes

rea

L R R I I )

seaa

s

1trsretca sy

e

v

.

1

..

e

LI R R

L AR

Terae

L R L T B

R N I I

.

rrsenar e

L R N I I I oY

M R I O

L YRR

L R R N R R

Geometric analysis of kinks

Migration model

Rotation model

Resuits
Tectonic fabric at
Tectonic fabrie in
Tectonic fabric of
Tectonic fabric of

Strain analysis . vvveivrrriiirrnnnecernnas
Introduction ....
Theory of strain of elliptical grains ....,.

Initial grain shape ......,.....
Initial grain oriemtation ,........
Ductility contrast between grain and matrix

LR I

LI R I R A R

“evana

‘e

Volume change during strain ,,,.

Orientation, amount, and strain axxal ratio,

Incremental rotations

Errors

e

arcae s

IR T

ttasean

A e e

L L I R
L I I R

L I T

the Golconda thrust zoge ..
domain 9 ......
the Diable Formation ..,.....
autochthonous lower Paleozoic rocks....

vean

L I N R I PR R

Tres i tar A

e

LRI

LI I IR R R A IR

L I

cr e

R E

fae D N RPN

L R R R I R R A AP R

LI R R R I N A R A S

Strain meagurement in the study area

Two-dimensional strain analysis .

Regults |,
Implications ,

Results
Packet 7 .,,..
Packet 12
Discusaien ,,.

LI A

Three-dimensional strain analyala

vi

L

Arat e e

Correlation between dxfferent methods, |

+

Pew s

trrra e

e

.

L T

S

Prren

.

I T

LI A A

Seda s

Fea s

LI BN R

Tr e

ca e

LR

Fes 4

.

L IO

e

53

53
56
57
57
57
60

66
66

86

90

92

97
162
102
107
107
110
110
116
123
131
137

140
140
140
143
143
144
145
147
147
148
148
153
154
158
165
169
171
171
176
176

CHAPTER 4

Age

Kine
Pale
Serp
Corr

REFERENCE

APPENDIX

Grou

Grou;

APPENDIX

VITA ..o




P

v e

IR

aars

“hae

e

e

e

L

caes

s e

“ 4

rese

teas

Ve

TR

¢ o1

TR

53

53
56
57
57
57
60
60
68
66
81
86
90

97
102
in2
107
167
116
110
116
123
131
137

149

. 140
. 140

143
143

. 144
. 145

CHAPTER 4~ RINEMATICS OF SEQUENTIAL PROCESSES AND RECONSTRUCTION
OF THE PALEOGEQGRAPHT +vvvavvrsvnsserrnascossaasinnss 182

Age of emplacement of the Golconda allochthon in the area.. 182
Rinematics of sequential events --« rereeiirianaiarninan, 183
Paleogeography and plate tectonics reconstructiomes--reres: 192
Serpentinizationc esvervraaiiariirsirriarosasansiarssaresss 199
Correlaticn with other parts of the Golcomda allochthom.... 202
Jett to Wall Canyons secrcirersraesnariiresitsnananses 202
Hew Pass Range ++cevveaiarntaanranasartasrraasarsascsas 203
Northern Nevada +t+sseasvrsssasssunatrssnasssnncssssss 205

REFERENCES -+ 11t trotasvanstssarsarsornsssssansssvruosssssrssssess 207

APPENDIX I~ METHODS OF TWO DIMENSIONAL STRAIN ANALYSIS ......... 219

Group I Methods «vvervvvsesrnerrnssasnnaranrarennsssnarsers 219
S1ope mOLROD +euveerrrsrrranrrartsrasansaratirsrsvanes 219
Arithmetic, gecmetric, and harmonic mean methods ..... 220

Group II methods +evvrvcrasanssnnransernasasararescosnnncns 222
Shimamoto—Ikeda Method «vervavrrrrvanrrrrrsorrernnerss 228
Polar graph method vvvveurresnrrsvnnaresrvrensorsanres 223
Tobisch and others method vevesvrvrsasrorsscarnssrars 224
HOISE MEEROG «svsusrersaresessasrasssitssssstsssssnss GLD
Robin mEtBOA v evirivensiorsronsannorsssnsnsronsncses 00D
RESE Method  o.vveivvvnucnvovsnsnnnsossnannnssnssases 208

APPENDIX 1T~ METHCD OF THREE~DIMENSIONAL STRAIN ANALYSIS..,..... 229

TITA s et uatvanounsanaacnssnnnnesstsrsnsssnscsnsastesenscnassnrs 230



LIST QF TABLES

Chapter 1

Lithology, age, and contacts of four tectonostrati-
graphic complexes that make up the Golconda allochthen
in different parts of Nevada

Chapter 2

Lithology and age of autochthonous units in the Gol~
conda allochthon and their relationship to fault-
bounded packets and lithic types

Description and age of the rvadiolaria and conodonts
dated in this study

Lithology and age of terrigenous lithic units

Facies and depositional enviroument of the four major
upper Paleozoic lithiec types in the Golconda allochthon

Chapter 3

Deformational events in the upper paleozoic section of
the Golconda allochthon

Deformational events in the lower Paleozoic (?) packet
2

Results of two~dimensional strain for 34 thin sections

Results of three-dimensional strain analysis for the 9
specimens in packet 7 and 12

LIST OF PLATES

Geologic map of the Golconda allechthen in the southern
Toiyabe Range, Nevada

viii

j
|
1
2




ati=~
1thon

Gal~
ult~

onts

ajor
thon

of
ket

ns

v
(=

arn

Page

16

24

27
43

54
124

185
172

237

2

3

Orientation of cleavage and bedding in the CGCelconda
allechthon
Geologic map of the Golconda allochthon in Ophir Canyon

ix

238

23¢9




LIST OF FIGURES

3-12 Ori

3-13 Ori

3=14 Ori

3~15 Ori

3-16 Ori

Chapter 1 3-17 21{;

3-18 Con

1 . ? Gph

-1 Locality map and geography of the study area 3-19 Ori

1«2 Map showing the extent of the Golconda allochthen and Car

the location in the study aresa 3-20 Otj

1-3 Two major tectoni¢ models for the formation  and 10 _y

emplacement of the Golconda allochthon def

3-21 ori

hal

Chapter 2 =22 QOri

3-23 Get

2-1 Geological map of the study area showing the distribu— 15 3-24 g:j

tion of lithic units, packets, and cross sectionm tran— 3-25 Sup

secta the

2-2 Tectonestratigraphy of all the rocks in the study area 18 fol

2-3 Cross sections in the Golconda allochthon of the study . 20 3226 Ori

area :

2-4 Location and number of dated specimens in the Golconda 22 327 15;1::

allochthon 3-28 Sun

* 2-3 TLocation of clastic and fault zone serpentinites 2% ahe

for

Chapter 3 3~29 g;;

3-30 Or:

: . ; 3~31 Or:

3-1 Map showing structural domains in the Golconda allo- 58 3-32 Suz

chthon 3-33 0r:

3-2 Three-dimensional diagram of a fold showing the parame- 59 3-34 Mig

ters measured for fabric analysis of

3-3 Distribution of the amplitude and halfwavelength of Fl 61 1.5 A j

folds :

3-4 Orientation data of Fl structures in domain 12 . B3 1-36 gt;

3-5 Orientation of Fl structures in three subdomains of 84 Eh

domain 12b 3-37 Ra

3~6 Orientation data of Fl structures in demain 7h5 67 3-38 Pi

3-7 oOrientation data of FI structures in domain 1 &9 tuI

3-8 Orientation data of Fl structures in domain 3 /0 3-39 or

3~9 Orientation data of F1 structures in domain 4 71 ;
3~10 Orientation data of Fl structures in domain 5 72

X




Page

10

15

18
20

22
25

58

5%
61

63
64

67
69
70
71
72

3-21

3-22
3-23

3-24
3-25
326

3-27
3~-28

3=36

3-37
3-38

3-39

Orientation data of Fl structures in domain 7t3
Orientation data of Fl structures in domain 3
Orientatioun data of F! structures in domain Il
Orientation of bedding and cleavage in domain 13
Orientatior data of Fl structures in dowain 14
Orientation of bedding and cleavage in domain 15
Orientation of bedding and cleavage in the Golconda
allochthon and gutochthon

Constructed profile of the F2a macroscopic fold in
Ophir Canyon

Orientation data of the macroscopic F2a fold in Ophir
Canyon

Orientation data of Fl structures in both limbs of the
macroscopic fold and a flexural slip model for their
deformation by the F2a fold

Orientation of the apical angle, amplitude, and
halfwavelength of the FIb folds

Orientation data of F2a folds in domaim 7h5a

Geometry of a kink fold, showing lines and angles meas~-
ured in the field

Orientation data of F3 folds in domain 7hJa

Summary orientation data of FJ folds in domain 7h5a and
the range of allowable shortening directious for F3
folding

Orientation data and picture of intersecting S and 2
kinks in domain 7h5a

Orientation data of F3 folds in domain 7h3b

Summary orientation datas of F3 folds in domain 7Thlb,
showing the range of allowable shortening directions
for kink folding

Orientation data of kinks im the southern part of
domain 7h5a

Orientation data of F3 folds in domain 8

Orientation data of F3 folds in domain L2b

Summary orientation data of F3 folds in domain 12b
Orientation datas of F3 folds in domain i2a

Migration and rotation models for formation and growth
of kinks

A flexural slip model showing the effect of rotation on
dilation and angular parameters of kinks

Distribution of linear and angular features of kinks in
the study area

Relationship between geomstric features of kinks
Pictures of kinks showing axial planme ¢racks and <frac-
tures

Orientation data of F4 folds and associated faults in
the Geleonda thrust zone

x1

73
75
76
77
78
80
82
83
84

85

87

89
91

93
94
96
98
99
100
101
103
104

105
108

109
111

112
115

117




3-40
3-4]
3-42
3-43

3-44
3-45

3~58
3=59
3-60
3-61

3-62

3-63
364

3~65

A method to determine slip direction using axial plane
of a fold and associated fault

Orientation data of F4 folds, siip directions, associ~
ated faults, and striatioms in the Golconda thrust zone
Orientaticon data of kinks in the Golconda thrust zone,
north of Ophir Canyon

Orientation data of kinka south of Ophir Canyon in the
Golconda thiust zone

Orientation of tabluar clasts and bedding in domain 9b
Orientation of homoclinal bedding and two cleavages in
domain 9a

Distribution of the apical angle, amplitude, and
halfwavelength of folds in domain 9a

Orientation data of folds in station 146 of domain %a
Orientation data of folds in station 147 of domain 9a
Schematic diagrsm showing the relationship between dif-
ferent structural elements in domain 9a

Orientation of bedding and cleavage in autechthonous
Diablo Formationm

Orientation data of a fold and an associated fault in
autochthonous Diablo Formatiom

Orientation of disharmonic folds im Diablo Formation
Orientation of bedding and cleavage in the autochtho-
nous lower Paleozoic rocks

Map showing the location and number of oriented speci-
mens for strain analysis

Orientation of thin sections and calculated prineipal
directions in the oriented specimens of packet 7
Orientation of thin sections and calculated prinecipal
directions in the oriented specimens of packer 12
Typical grain long versus short axes plot in a slate
specimen

Relationship between the coefficient of linear correla-
tion (r) and initial grain axial ratio and strain ratio
Polar graph showing hesrt-shaped distribution

Typical RE/4, Ri/®, and Chi-Square graphs

Relationship between the estimates of strain calculated
by the two methods of two~dimensional strain apalysis
Relationship between I error of each method of group I
and satrain ratic of all group II two-dimensional
methods

Relationship between X error of each method of group I
and average initial axial ratio

Relationship between % error of each method of group I
and average initial axial orientatioen

Correlation between strain ratie calculated by dif-
ferent methods of group II

119
120
121
122

125
126

127
128
130
132
133
135

136
138

149
151
152
156
157
159
160
162

163

164
166
167

3-66 Rela
rati
3-47 Prin
in p
3-68 Rams
from
Uait
3-69 Rela
and
cond
3=70 Prin
mens
4-1 An a
fold
4=2  Synt
tion
4=3 A fo
4-4 A fl
4=5 An a
depo
sect
4-6 A mo
and
4-7 Thre
mode
alle
APP~1Tria
stra
APP~-2Mohr

anal




i
ne
e,

he

13

in

-~
f

11

119
120
121
122

125
128

127
128
130
132
133
135

136
138

149
151
152
156
157
159
160
162

163

3-70

Relationship between the harmonic mean and strain axial
ratic

Principal directions aund deformation plot for specimens
in packet 7

Ramsay and Wood's (1973) deformation plot for slates
from the Caledonites of NW Europe and the Eastern
Pnited states and the results of this study
Relationship between principal extensions and ratios
and structural position of the specimen above the Gol-
conda thrust in packet 7 and 12

Principal directions and defermation plot for  speci-
mens in packet 12

Chapter 4

An acceretionary wmodel for the formation of F1 and F2a
folds in the Golconda allochthon

Synthetic fabric for the acretionary model of deforma-
tion of the upper Paleozoic section

A forward flexural slip model for ¥2b folding

A flexural slip model for F4 folding

An accretionary model for late Paleozoic tectonic and
depositional processes that evolved the upper Paleozoic
gsection of the Golconda allochthon

A model for the Triaasic paleogeography and tectonic
and depositional processes

Three alternative tectonic models for the origin and
mode of emplacement of serpentinites in the Golconda
allochthon

Appendix II

APP~1Triangle coustruction of three-dimensional method of

strain analysis for specimen # 16.

APP-2Mohr Circle construction of three-dimensional strain

analysis for specimen § 16.

168
173
174

177

178

186
187
189
191
195
197

198

234
235




CHAPTER 1 - INTRODUCTION

Background

The study area lies in the southern Toiyabe Range, Nevada, between
Ophir and Marysville canyons (Figure 1-1). The range expnses exten-—
sively pre~Tertiary rocks that include 1) autochthonous and allochtho-
nous (relative to the Golconda thrust) lower Paleozoic rocks that can
be correlated with those of the Roberts Mountains allochthen and auto-
chthom, 2) 1late Paleoczoic and possibly Trisssic cover strata (Diablo
Formation of Speed and others, 1977) that lie unconformably over the
sutochthonous lower Paleozoic rocks, and 3) the Golconda allochthon,
which includes different packets of sedimentary and volcanic rocks of
early and 1late Paleozoic and Early Triassic ages, The pre-Tertiary

rocks are intruded by a plutom of early Tertiary K-Ar age (Speed and

McKee, 1976) and covered by wolcanic rocks (Ferguson and Cathcart,
1954; Kleinhampl and Ziony, 1967).

This dissertation focuses mainly on 1) the Golconda allochrhon and
its fault-bounded packets that include varied upper Paleozoic oceanic
facies (Pablo Formation of Speed, 1977a; Table 1-1), lower Paleozoic
hemipelagic rocks, snd terrigenous Trisssic rocks, 2) the upper Paleo-
zoic Diable Formation (Speed and others, 1977; Chapter 2), and to a
lesser degree 3) the autochthonous lower Paleozoic rocks immediately

below the Golconda thruat.

The Sonoma orogeny (Silberling and Roberts, 1962) or Sonoma event

{Speed, 1982) was defined in central Nevada as the cause of folding and
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TECTONOSTRATICRAPHIC
COMPLER

DESCRIPTIOR

Siﬁag_fiaescone. pebhiy sandstone, volcanorenic

curbidite, tholafitic basalt, massive suliide, and

Fe and Mn depoaics,

- Fosails 1 oiddle Wolfcanpian snd early Leonardian

Fusuiinids and Pennsylvanian to farly Permian conow
Havailah doncs {Stewsrt and ochera, 1977}, decrital Middie
dequence Peansylvaniar fupulinida (Silberling dand Roberts, 1962).

Contacts : bounded ar the bottom by the Goleonda thruse,

E;;Er faleozoic overisp sequence and the Robercs

Mountaina allochthon make up the lower plate, Contact

with overlying Triaseic rocks is depositional,

Lithology ¢ clayey and silcty mudstene, slate, horn-
feln,.bedded cherc, pillowed, massive, snd porpyri-
tic basalt, nicrogabbro, basdltic fide to coprae
sandstone and green and red mudstone, and cosrse
grained velcanogenic sedimentacy rocks,

Fosaily : Miseipeippian o Percian radiclaria and
conadoncs.

¢ bounded at the base by the Golconda thruse.
t plate of the chrust is Permian Blable Form-
ation and lower Paleotoie rocks, Tertiary volcanle
rocks and possibly Mesozoic clastic rocks overlie
these st che top, Paleogene granitic rocks fntrude
4i1 tetka.

Pable
Formation

EEE&“&E%X 1 greenacgne, bedded cherr, silicecus
pebdly wudstone, silty limescone, and velcanogenic
rocks,

Schoonover Tosails : radfclatia in thert of the lower half of

Conplex zhe gequence of possibly latear 2o eavilest Migeaisai-
ppian at the bagse and ae young 23 Early Fennaylvanian

in the structurally higher pares of che sequence (Miller

and others, 1983}, .

Coatacts : the Golconda thrust separates the tocks of

the Sequence from the Late Mississippian co Permlan

sihallow weter rocks,

Lithology : bedded cherc, shale, siiiceous siltsrone, Laule and ctheray, 1984

PIiI00 basalt, jasperoid, bedded Jasper, and minor
aandatone and greenatone,

Hillow Foaafly : Lecnard and possibly Guadalupian radjelaria
{anyan in cherz,
fornmatio 99259553 ! & asjor thrust, eguivalent to the Golconda

chrust, sepadates the formation frow the authogh—
thonoua Permian Wildcat Peak Formation that is part
of the overlsp nequence,

Table I-i. Litholegy, 2ge, and contacts of four rectonoscratigraphic complexes that zake up

the Colconda allochthon in different parcs of Hevada,

L] Fagan, 1962
selite, chert-pebble conglomerate, quartzose arenite, Churkin and Kay, 1967
Hiller and others, 19811
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thrusting of the oceanic upper Paleozoic rocks of the Golconda allo-

chthon and its emplacement over the partly coeval shallow marine rocks
of the continental shelf and older Roberts Mountain allochthon (Silber-
ling and Roberts, 1962). The event is characterized by the iack of
asgociated magmatism, metamorphism, and severe deformation of the lower
plate of the Golconda thrust (Speed, 1979},

The Golconda allochthom, the upper plate of the Golconda thrust
(Speed, 1971b) cropa cut over 380 km from the southern Toiyabe Range to

northern Nevada (Figure 1-2). The tectonostratigraphic units attributed

to the allochthon in different parts of Nevada include the Havallah

sequence (Silberling and Roberts, 1962; Stewart and others, 1977;
Snyder and Brueckner, 1983), the Pable Formation (Ferguson and Catk-
cart, 1954; Speed, 1977), the Schoonover complex {(Miller and others,
1982), and the Willow Canyen Formation (Laule and others , 198l1). The
lithology, age, and contacts of these assemblages are described briefly
in Table 1-1.

The upper Paleozoic rocke of the allochthen ave interpreted as
deep ocean floor deposits (Speed, 1971; Silberling, 1973; MacMilian,
1972; 3Speed, 1977a,b; Stewart and others, 1977; Snyder and Brueckner,
1983) because of bedded radiolarian chert, red mudstone, pillowed
basalt, and distal turbidite., The deep water, trace fossil, ZLophoc-—
tenium {Stewart and others, 1977), gccurs at places, Other upper Paleo=-
zolc rocks of the allochthon include volcanogenic turbidites and sexr—
pentinite bearing siliciclastic sedimentary breccia.

The Golconda thrust was defined in the Sonoma Range Quadrangle in
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northern Nevada (Muller and cthers, 1951), extending from Battle Moun-

tain northwest through Edna Mountain to the weest side of the Sonoma
Range, There, it superposes the so-called Pumpermickel and Havalliah 3
Formations (Fergusom and others, 1951, [952; Muller and others, 195i;
Silbefling and Roberts, 1962}, now called Golconda allochthon {Speed,
1971b), over upper Paleozoic carbonates and egiliciclastic rocks and, in
places, lower ©Paleozoic rocks of the Roberts Mountains allochthen.
Based on the apparent continuity, thrust relationships, and lithic

gimilarity of the Pablo Formation (Table 1-1) in the Toiyabe Range to

the Golconda allechthon (Tabie 1-1} in northern Nevada, Speed {(1971b}
extended the Golconda thrust south of 399, 270 miles south of its type

locality, He redefined it as a single, laterally continucus fauit

except for Tertisry disruptions that Jjuztaposes rocks of different
lithology and deformation.

The Golconda thrust is recognized in the study area by the tec-
tonic juxtaposition of folded and faulted upper Paleozoic oceamic rocks
and, locally, lower Paleozoic and Triassic rocks over the thomoclinal,
partly coeval shallow merine Diablo Formation and the rocks of the
Roberts Mountaina allochthom, The thrust is & regionally mappable sur-

face across which is an abrupt facies and deformation change, and is

characterized in places by the existence of many lecal faults and asso~-
ciated folds. The Pablo Formation (Table 1-1) in the upper and the Dia-
blo Formation (Speed and others, 1977) in the lower plates of the Gol~
conda thrust in the southern Tolyabe Range are correlated with the

allechthonous upper Paleozoic rocks of the Havallah sequence and Antler



sequence in northern Nevada, respectively (Speed, 1977a; Speed and otgl
ers, 1977).

Silberiing and Roberts (1962}, Speed (i971b), and Silberling
(1973, 1975) proposed on the basis of the unconformable superposition
of rbyolific and clastic rocks of the Permian (?) and Early Triassic
Foipato Group ofn the Colconda allochthon that the Golconda thrust
predates the Koipato, The thrusting was after the deposition of the
youngest part of the Antler Sequence (Silberling and Roberts, 1962;
Table 1-1), the Edna Mountain Formation of mid-Permian age. The
alkalie and siliceous ash flow tuffs of the Roipato Group are inter-
preted as deposited on block faulted terrain (Burke, 1973). Using
detailed structural and sedimentological relations, MacMillan (1972)
demonstrated that the emplacement of the asllochthon occurred in  Early
Triaseic time iz the New Pass Bange, where the allochthon lies with
angular unconformity under upper Lower Triassic conglomerate., Speed
(1971b) constrained the emplacement of the allochthon between early
Early Triassic and late Early Triassic using the ages of the youngest
rocks owerrurn by the thrust and the oldest cover strata that may be
correlated across the Golconda thrust, respectively,

Despite the apparently well established Late Permian-Farly Trias-—
sic age of the Golconda thrust (Speed, 1971a; $ilberling, 1973, 1975},
the contemporaneity of the thrust with the Sonoma event has been ques~
tioned by K.B. Ketner (Pers. cowm., 1982), and a Jurassic-Cretaceous
age for the thrust is proposed. Accozding to him, the Sonoma and the

Golconda thrust are tectonically unrelated events of different ages, He

bal
wel

or

wat
cov
com

for

198

Tri

wat

thi

wat

the

oxo

and

wit

evi

thr

of
you
of

Eod

all

1971




7
Speed and oth~

nd Silberling
superposition
arly Triassie
1lconda thrust
ition of the
loberts, 1962;
i age. The
up are inter-
973).  Using
Millan {1972}
ed in Rarly
hon lies with
erate., Speed
between early
the youngest

a that may be

Early Trias—
1973, 1973),
s been ques-
.c-Cretacecus
ma  and  the

ent ages. He

8
velieves that the rocks of the Golconda allochthon (Havallah sequence)

were deformed at an upknown and distant location during latest Permian

or earliest Triassic and were then overlain unconformably by shallow

water Triassic sediments. Both the Paleozoic rocks and their Triassic

¢cover strata were then emplaced in their present location via the Gol-

conda thrust during late Jurassic or Early Cretaceous. Ketner's reasons

for the above propositions are as follows (K. B. Ketner, Pers. comm.,

1982; Retner, 1982): 1) assigmment of & deep water turbidite origin for

Triassic rocks in the Adobe Range of northeastern Nevada, and a shallow

water origin for Triassic rocks overlying the Havallsh sequence west of

this range, suggest that the entire stack of the Havallah 2and shallow

water Triasssic rTocks to the west are out of place gnd displaced to

their present position after the end of the Triassic; 2) paucity of

orogenic Triassic sediments in the vicinity of the Golconda allochthon;

and 3) absence of convincing examples of a Triassic formation lying

with gedimentary contact across the Golconda thrust. His supporting

evidences for the age of the Golconda thrust are as follows: 1) a

thrust of intensely deformed siliceous Permian rocks, apparently part

of the Golconda ailochthon, was emplaced over folds of Jurassic or

younger age in the Peko Hills of northesstern Nevada; 2) the presence

of widespread , thick, and coarse orogenic sediments ¢f Cretacecus to

Eocene age in Nevada.

A considerable literature eantertaining origins of the Golconda

allochthon by plate intersc¢tions has appeared in recent years (Moores,

1970; Burchfiel and Davis, 1972; MacMillan, 1972; Speed, 1971sa,b, 1974,
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1977b, 1978, 1979, 1983; Silberling, 1973, 1975; Dickinson, I977; Poole

and Sandberg, 1%77; Snyder and Brueckner, 1983). Although an arc-

—~t T me

continent c¢ollision has been applied as a basis to model and interpret
the late Paleozoic-Early Triassic events, timing, paleogeography, and
subduction zome polarity have been matters of dispute. Almest all work-

. N N . N Wr
ers agree on the idea that in Permo-Triassic time, the rocks of Ethe

Golconda allochthon were thrust onto the continental margin of the
western United States. There are basically two wmajor competing models
for the evolution and emplacement of the allochthon {(Figure 1-3) as

described bellow:

Forearc model ~ This model assumes that the rocks of the allochthon
were deposited in oceanic basins that fronted western North America and
were accreted to a forearc or accretionary prism (Karig and Sharman,
1975; Scholl and others, 1980) of a migrating island arc above a west
dipping subduction zome (Speed, 1977b, 1978, 1979; Sayder and
Brueckner, 1983}). 1o this model, the Golconda thrust is the basal
detachment surface under the prograding accretionary pile that brought
the tectonically stacked rocks over the undersliding passive wargin of

the North American continental plate (Figure 1-3a).

Back arc model - This wodel assumes that the rocks of the alloehthon

were deposited in a 1local back are basin of a subduction zomne that
dipped east below Nevada and were thrusted (obducted) onto the North

American continental margin when the basin was closed (Burchfiel and

Davis, 1972; Silberling, 1973; Churkin, 1974; Miller and others, 1982)
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(Figure 1-3b). 11

deposgi
Statement of the problem 1958;
The study area is ome of two lecations with extensive exposures of 1977;
the Golconda allochthom in southern Toiyabe Range, the other being alloch
between Jett and Peavine Canyons (R. C. Speed unpub. data 1971-3). Only Missis
meager exposures of the allochthon exist farther south in Candelaria A
(R, C. Speed, pers. comm., 1983). Despite its geographically signifi- new ba
cant location, the thesis area has had only few detailed investigations recelv
(Speed, 1977a; Speed and others, 1977; Speed and McEee, 1976; R. <. nowa
Speed and J.R. MacMillan unpub. data, 1971-7). the up
Many unresolved problems remain related to the Golconda allechthon tion
that are critical in understanding the tectonic history and paleogeog~ existe
raphy of the western United States during Jlate Paleozoic and Early 2
Trisssic times. In the study area, these problems include the follow- archit
ing: kinema
I. Late Paleozoic paleogeography of westetn margin of North Ameri- thrust
can continent in what is now Nevada: the study area lies near to the direct
buried edge of sialic Precambrian North America, aa is indicated by Hesozo:
atrontium isotopic ratios and gravity gradients (Kistler znd Peterman, 4
1978; Cogbill, 1979; Speed, 1982b; Figure 1-2). The edge may represent the G
a preserved segwent of the Precawbrian~Cambrian passive margin of the tion, :
western North America (Stewart, 1972). The 1isotopic 0.706 contour defo
coincides approximately with the westernmost outerops of autechthonous diffar
Paleozoic rocks of ocuter-shelf facies (Speed and Sleep, 1982). Aftar upper

the Precambrian rifting, rocks of the Roberts Mountains allochthon were Golconé



1sive exposures of
+, the other being
lata 1971-3). Only
uth in Candelaria
hically signifi~
ed investigations

e, 1976; R. ¢,

lconda allochthon
ry and paleogeog-
ozoic and Early

clude the follow-

n of North Ameri-
lies near to the
is indicated by
ier and Peterman,
ge may represent
ive margin of the
c 0.706 contour
of autechthonous
p, 1982)., After

s allochthon were

12

depogited in an oceanic basin west of the suture {Roberts and others,
1958; Kay and Crawford, 1964, Stewart and Poole, 1974; Matti and McKee,
1977; Speed and 3leep, 1982} which were deformed and emplaced into the
aIlQ:hthon during the Antler event {Roberts, 1951} between Devonian and
Mississippian,

After the eastward displacement of the Roberts Mountaina thrust, a

new basgin was formed west of the then extended continental margin which

received sediments between Mississippian and Permian or Triasssic. Unk-

pown are the location, age, extent, and nature of the basin in which
the upper Paleozoic rocks of the allochthon were deposited; the loca- g?
tion and configuration of the continental shelf and slepe; and the 5

existence and pature of an island arc associated with this basin.

PO

2, Structure and tectonics of the Golconda allochthon: general

Eaean

architecture ; geometry of fault-bounded packets in the allochthon;

TErmmn

kinematics and mechanism of tectonic processes responeible for folding, i
thrusting, and stacking of packets in different deformation phases;
direction and magnitude of tectonic transport and strain; effects of

Mesozoic and Cenozoic deformations ou the Golconda allochthon,

3. Bistory of the allochthon: time of deposition of the rocks in
the Golconda allochthon and astochthon; times of deformation, accre-
tion, and emplacement of the the allochthon; relative age of different
deformation phases; relative timing of deformation and deposition in
different packets; relative timing of attachment of lower Paleozoic,
upper Paleozeic, and Triassic packets te the allochthon; age of the

Golceonda thrust.
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4. Serpentinite: origin of the serpeutinites that occur in fault

glices in the allochthon; the source of sedimentary fragments of ser-

pentinite in coarse grained clastic rocks; and their tectonic signifi-

cance.

5. Triassic rocks in the allochthon: the site and extent of their

deposition; where, when, and how they got involved with the allochthon;

what is their tectomic and paleogeographic significance; what was the

source of their clastics; and what constraint do they put on the age of

the Golconda thrust.

6. Lower Paleozoic rocks in the allochthon: mechanism of their

attachment to the base of the aliochthom; their relation to the

encroachment of the allochthon and nature of the continental margin;

and where they were derived From.

Methods of grudy

To achieve an improved understanding and solutions to  the

aforementioned problems related to the Golconda allochthon, the study

included detziled field mapping and description of rock types and their

boundaries, sempling for protolith age, petrography, strain analysis,

and measurement of tectonic fabrics. The structural data were reduced,

modeled, interpreted, and coumbined with the sedimentologic, petro~

graphic, and paleontologic data to evaluate the sequential processes

during the development and emplacement of the allochrhon.
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CHAPTER 2~ TECTONOSTRATIGRAPHY OF THE GOLCONDA ALLOQCHTHON

IN THE STUDY AREA

Intzoduction
fhis Chapter describes the architecture, lithology, age, mechanism
of deposition, and depositional enviromment of the rocks in the upper
plate, and to a lesser extent, lower plate of the Colconda thrust. o
The Gelconda allochthon, in the study area, is composed of 16
fault-bounded packets with a general north-morthwest trend. Each
packet, indexed by a number, includes ome or more lithic units (Table

2-1, Figure 2-1). The term, unit, applies to individual rock bodies

within the allochthon with distinet lithology, age , and boundaries.
Although uwit contacts may be depositional, they are commonly faulted,
such that unit and packet boundaries ccimcide. Lithic units are indexed

on the map by a letter that identifies their interpreted depositional %

character {e.g., h, for hemipelagic, Table 2-1}, follewed by a number
that indicates their structural position in the allochthon (e.g. ti,
t2, t3); smaller numbers indicate lower structural positions (Table 2-
i, Figure 2-1 & 2-2)., Figure 2-2 illustrates tectonostratigraphy of
all the rocks in the study area.

The faults that separate packets are identified by abrupt lithole- g
gie, structural, and in places, age discordance, by the occurrence of

fault slices of carbonated serpentinite, by the presence of local -

faults and asscciated folds, and in the case of the Golconda thrust, by

the presence of tectonized rocks. The faults that bound the packets

14



.

20

- chruse (da:hed: apacax. located
o unconformable contace [ 00 g

J——— gradational concact

nl, v3 allochcthonous lithic units

I-16 fault bounded packecsa

Tql Tolyabe Quarrz Latite
TRT Tertiary granitic rocks

e

\
\
2d Permian Diablo Faj,

1Pz Auth, lover Paleo-
2odc rocks

A~A  crose zecticn N
trace >

s
1

Authochthon

Figure 2-i. Geologic map of the study area, For description of lithic
units see Table 2-i,
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— TACKET

i6

INTERPRETED

ROCK TYPE UniT
volcanogenica v3
pelagle p2
wolcanogenic vy
pelagic pl
hemipelagic ha
woleanogenic v

____MAP_SYNROL

SUBUNIT

LITHOLOGY

volennogenic sandstone and sodfmentary breccis, prlite, and chett.

brdded radioinrlan chert, pelite, ved innpar, mansive and bedded
volcanogenle sandatone and eglltacone,

manslve crystalline basale.

chert-quartzite-serpratinite nedimenzaty breeccia.

volcanogenic sandstone and sedimentary breccia, pelite, chert,
pikloved, mamatve, ond porphyritie bagalt, and piliew breccla.

mazsive and porphyritic haselc.

bedded ehert and minoy pelite Snterbeds.

pelite, chert, and minor cherr—guacrtzite sandatona,

LE R
2

oalnly pillowed and other types of basalz,

ACE

wokanows

specioen § 38
v. latest Mina.
or v. earlieat penasyl.

unknoun

unknown, but correlates
with units Y1 and vy

specinen # 61
Peralan {Guodalupfan)

unknown

Specipen # 72
prob. HMississippian

apecirmen # 23

v. latest Mlss. or

v, earliest Pennsyl.
opecimen & 7h

prob. Wigs, or Pennsyl.

uninedn, but correlatas
with unit h5

apecimen F 7
Pennayl. to E. Permian

unknown

Table 2-1. Lithology and age of allochthonous units in the Golconda allochthon, and their
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hemipelagic

erripenous
henipelagic

terrigenous

tertipepous

hemipelagic

terrigenous

hemipelagic

hemipelagle

terrigenons

hemipelagic

hemipelagic

Table 2-1 cont'd

bedded peiion aml chert

poetdy sorted chert-quartzite-iimentone =ed. brece
chert, alate, phylite, and limcotone.

pelite, chert-quartzite-limestone aed. breccls and sandstone.

ehnzt-quaTteite-quartz-3incrtonc-rerpent infte- A0d pelite-bonring
conglomerate, scd. breccia, and srndstonc.

pelite. chert, and minor thin bedn of quartr-chert-guartadte- benting
sandatene.

Iy gquortz-~chert-volcanfe clast bearfng sed. breccds, sandstene,
and conpiomerate, snd llmy mudstone, asndstene, chert, and quartzite.

pelite, fimestone, and chert.

pelite and thin bedded chert
pelite, #nd gerpentinfte- chert- quartzite- bearinp sed. breccia
and sandrtone.

firsile gquortz nandstene.

dark chert, pelite, limewtone, and chert- quartzite-sandntone.

unhnown

unknown, but correlates
with unki 13

unkpown, but correlater
with rm and h,

wpecimen # 221
Early Ordovician

specimen & 266
Errly-Higdle Pennayl.
{Karrowan to Atokan)

unknoun, hur samc es C_,

3
as they have gragationdl
contact

ppecimen P 4%0a
grobabiy Triassic

latest laes Cavhrian or
earifent ¥, Ordovician

speciman # 494

Prob. Ordovician

unknown, bur correlates
ith H a

with uwnits ru and rm

ynknown, but correlates

with uait Fu

unknown

unknewn, hut coreelates
with unit ?...
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are in general woderately to steeply dipping (Figure 2~3) and except

lower in the allochthern are not measurable,

The exposed width of packets varies between 0.1 and 2.2 km (Figure

2-1}. In general, the structurally higher packets are wider and longer

than the lowér ones, and continue with almost the same lithology,

though not necessarily the same sge, for distances of at lezst 9 km,

800

Awong upper Paleozoic rocks, packets with volcancogenic and pelagic Tose

$000-
H
rocks make up the bulk of the Goalconda allschthon in that order. Upper |
] . . \ 10000-
Paleozoic hemipelagic rocks, although more extensive than terrigenous
rocks, occur in narrower and less coutinuous packets relative to 8000
7000

pelagic and volcamogenic rocks.

Figure 2-3 shows cross sectionsg of the

Golconda allochthon,

Two

sections are

shown for each transect; they provide alternative struc-

tural interpretations based on whether or not lithic units are corre~

lated among packets. In the upper gection for each transect, packets

are gssumed to contain unrelated rocks; in the lower section, however,

similar rocks are correlated and sssumed to be part of a single packet

folded during syn—thrust F2a event (Chapter 3)}. Packets contzin lithic

units of varied facies that are distributed in the following order: In

an east teo west traverse, moving structurally upsection, rock types

change from mainly terrigencus to hemipelagic, veolcanogeaic, pelagic ,

and finally to volcanogenic.

11 specimens from different parts of the allochthon have yieided

radiolaria snd conodonts which were identified by B. M. Murchey and D.

L. Jores, and A. G. Harris, respectively. Figure 2-4 shows the number
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and location of these specimens. Table 2-2 defines the identified fos~

sila in all the packets of the aliochthon during this study. Deposi~

tional ages of lithic units fall into three groups; I) upper Paleczoic,

II) lower Paleozoic, amd II1) Triassic., The 11 ages, although mnot

enough to define am age gradieat in the sllochthon if it exiats, indi-

cate nevertheless, that all the four differemt major lithic asgsocia-

tions, despite their different structuzal positions, have overlapping

ages that span a period between Mississippian asd Permian.

The autochthomous rocks under the Golconda thrust include the Per—

mian Diablo Formation (Speed and others, 1977) and lower Paleozoic

tocks that belong to the Palmetto and Gold Hill Formations (Kleinhampl

and Ziowy, 1967). The rocks unconformably overlying the allochthen

include the Toiyabe Quartz Latite (Speed and McRee, 1976; Laine, 1977)

and possibly unit t6, which contains undated sedimentary rocks of prob-

able Mesozoic or Textiary age. The rocks of the upper and lower plates

ef the Golconda allochthon im the study area are described in the fol-

lowing sections.

Allochthonous rocks

1) Upper Paleczoic rocks

These are equivalent to the Pablo Formation of Speed (1977a) and

include four major lithic types: 1) terrigemous, 2} hemipelagic, 3)

volcanogenic, and 4) pelagic. The relationship between packets, 1iithic

units, and their interpreted lithic type is given in Tzble 2-1 and Fig-

ures 2-i, 2-2, and 2-3, The ordered succession of lithic types

i
é
%
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nentioned before, reflect different depositional processes and settings
which when combined can provide information on the depositiomal
environment. In the following paragraphs, & comparison of these by
lithology, age, structural positiom, and depositional mechanism and
environment i? given. An interpretation for the regional enviromment of

deposition ia given in Chapter 4.

1) Terrigenous rocks

The terrigenous rocks occur in units tl, t3, thrust zone unit
(tze}, t4, and t5, all of which are structurally in low levels in the

Golconda allochthon (Figure 2-1, 2-2, and 2-3, Table 2-1). The major

rock in theae wunits is 2 polymict sedimentary breccia that contains
angular clasts as coarse as boulder and, in places, megaclasts as large
as 40 seters. Other rocks are pebbly pelite, calcareous sandstone, and
quartz arenite. The lithology and age of these units are given in Table
2=-3, The clasts in the breccia are mainly variegated chert, quartzite,
quartz, pelite, limestone, carbonated serpentinite, and, to a lesser
degree, quartz arenite and calcarenite, The size of clasts im unit t3
and t4 is smaller than that in units tl, tzu, and t5.

Among the clasts, limestone, serpentinite, and quartzite are the

largest, and chert, sandstone, and pelite, the smallest. The quartzite
clasts sre lithologically similar to those in the thick Cambrian Gold
Hill Formation (Kleinhampl and Ziony, 1967) that occur below the Gol-
conda thrust north of Summit Camyen (Fig. 1-1) in the study areas. Hore-

over, c¢lasts of limestone and pelite are similar to lower Paleozoic

rocks of the Palmette Formation (Kleinhampl and Ziony, 1967) in the
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autochthon, Ordovician and Pennsylvanian ages, determined from the

limestone claats (Table 2~1 & 2~2), support this correlation.

In the finer grained rocks such as sandstone, bedding, although
petter defined, is not continuovs more than few meters, and is over-
printed by a tectounic foliation which is defined by & planar orienta-
tion of flattened chert and quartzite grains. The pelymict breccia is
massive and, locally, where clasts are of smsller size, <ontains an
anastomosing foliation which wraps around the grains, Matrix is ncn-—
calcareous sandy and pelitic. Except in the foliated fine~grained rocks
where grains are flat and elliptical, clasts, in the coarser parts of
the sedimentary breccia, are angular, and in places such as wunit tzu,
cataclasized at their vims. Both fine and coarse-grained rocks are
intensely deformed as evidenced by the penetrative tectonic foliation
and flattened c¢lasts in finer grained parts, aad by boudinaged clasts
and folded contacts of the largs tectonized blocks with their matrix in
the thrust zone unit (Table 2-3).

Except for unit t5, the lithic units with coarse clasts such as tl
and tzu occur in lower structural poesitions (to the east) relative to
the finer grained rocks of unit t3 and t4 and are in fault contact with
recognized or inferred lower Paleczoic rocks (Figure 2-1). The contact
of t5 and lower Paleozoic (?) roeks (h6) is probably unconformable.

Units t3 and t4, on the other hand, are in depositicnal or fault con-

tact with hemipelagic and volcancgenic upper Paleozoic rocks such as
those in wunits h5 and vl. There is a gradatiomal contact between unit

t3 and h5. This contacit i3 characterized by gradual change of medium
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poorly sorted pelymict sedisentary breccia, congiowerate, and
pebbly mudstone. clasts : sand to blocks as large a3 & m of
carbonated serpentiaiis, subangular o angular pebble to dlocks

a3 targe as 35 o of light to dark gray an¢ light ourple gquartzite,
subanguiar Lo subrounded sand §0 blocks 2s large 2s 10 » of lignt
to dark gray, brown, red, and iight green chert, fine pebbles o
cobbles of chert-quartrite tonglemerate, tan fine o coarse cherte
quartzite sandstone, and angular greenish gray and dark pelite,
These clasts occur i #1) the rocks. aatriy : peletic, sandy lo
pebhiy. Othar rocks fnclude chert-quartiite sandstone, siltstone,
and Hn-oxide nodules and tale. contacts : probably thrust with
Dyy Moy ang h3, 35 defined by 1ithdlogical discordance and
the ‘ngcurence of serpentinite slices aloug the contacts.

peorly sorted polymict sedimentary breccia, clasts : sand 1o
boulder or blocks [abowt 5 m} of carbonaved sarpeéntinite, light
gray well sorted quartz aresite, lamrnated caicirenite, sediuvm
gray crystailine tloestone, tan cringid bearing limestone, medium
gray chert, gray pelite, and moderately sorited ghert-quartits
sangstone, matrix : fine 1o Tedium sandy. s @ upper contact
is depositic. {gradational} with unit b5 contact with
lowar Paleczeic rocks of R s fauit.

poorly sorted sedimentary breccia. clasts : oebble to Fine cobble,
lignt to dark gray chert, pelite, 17ght gray to light brown qusrts
zite, gray crystallitne iimestang, Fine chert-guartzite sandstone
and siftstang, and bouldar and larger size carbonated serpentinite.
matrix ¢ sandy. Other rucky include interbeds of saady to cosbiy
faTife with sand size grains of quartz, 1-i0 ¢m long chert and

coarse patbie gray pelite and crpstalline lirwstose, and vediwm
sand to huge blocks 2s large a5 40 m of light gray guartzite.

Clasts are angular to subrounded, eguidimensionzl to tabular and
have & wegk preferred orientation. matrix : non-caicaraous sandy.

Gther rocks include interbeds of quirti“arenite. contacts : probabiy

uncorformable on hy, Fault with ail other units.

thrust
zone
unit

(v )}

serpentinite, dark gray phyllite and crystalline gray limestone,

chert-quartzite sandstone. Rims of large quartzite dlocks ara

cataclasized at their folded contacts with the pelatic matrix 2s
characterized by the cceurence of coarser grafns in & fine matriz
at the rim compared to the center of the blocks where grains are
teuching and ao matriz is evident. cogntagts ¢ lower coatact with

lower Pateozoic racks is the Golcondd Thrust. Upper contack with unit

:3 is probably faulted depositional.

r;\étgj.\_: t pejetie, sandy and pebbly. Other rocks inciude gray pebbly
Pelita with light gray quartiz arenite and iight to dark =ell sorted

URKROwA

waximum age of
farly-middie
Penrnsylvantan
{(Morrowan to
Atgkan) from the
lirestone clasts.
{Table 2-2)

maxisum age of
Early Ordovician
from the lirestone
clasts. {Table 2-2)

unknown

unknows

Table 23, Lithology and age of terrigenous lithic units,




27

age of
ddie
anian

n to
from the
e clasts.
-2}

age of
dovician

- limestone
[Table 2-2}

mits,

28

te coarge~grained chert-quartzite sandstone of unit t3 to interbedded

sandstone and pelite and to pebbly and cobbly pelite at the base of

unit h3 that farther west grades into unit b3. Unit h5, mainly chert
and pelite, containa minor thin interbeds of sandstones which disappear
higher in the sectiom.

In addition to the serpentinite clasts in the terrigemous rocks

that range in Bize between sand and blocks as large as 6 meters, or

even beyond these extremes, tectonic lenses of serpentinite occur along

packet bounding faults; serpentinite lemses will be referred to as

fault-zone serpentinite from here on. Both types of serpentinites are

carbonated, but the fault-zone serpentinites also contain fresh serpen~-

tine. 7The fault-zoue serpentinites occur mainly at boundaries of pack-~

ets at low structural positions in the Colconda allochthon as shown on

Figure 2-5. These make up outcropa which are tens of meters wide and

continue om strike in places {(e.g. Marysville Canyon) for hundreds of

meters. The highest level that fault~zone serpentinites occur in the

allochthon is at the contact of packets 12 and 14 (Figure 2-5). A large

serpentinite slice occurs alse in the autochthonous lower Paleozoic

rocks at Wisconsin Canyon. There are three posaibilities for the rela-

tionship between the clastic and fault-zone serpentinites: l) both were

supplied from the same source through sedimentary or tectonic means,

respectively; 2) the two serpentinite types have different scurces; and

3) 211 serpentinites were originally clastic; the ones at packet boun-—

daries became tectonized later. Because petrological data do not exist

for these serpentinites, the three cases can not be examined against
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one another. Possible corigins and modee of emplacement of both of the

gperpentinites are discussed in Chapter 4.

Depositional environment - The protolith early Paleozoic age of the
clasts and their lithological correlation with autochthonous rocks to
the east, under the Golconda thrust, suggest a depositional basin which
was open to the influx of very coarse lower Paleozoic debris. The mas-
give sedimentary breccia and gandstone, pebbly mudstones, and mega-
clasts, suggest transportatiom by mass flows probably near a slope-basze
{8tanley and Unrug, 1972; Walker and Mutti, 1973). This interpretation

is further supported by their chaotic texture, poor sorting, and high

content of poorly sorted matrix which characterize slope-base sedi-~
ments. The angularity and large size of the clasts, and the limestone

and pelite clasts suggest alope instability and downslope movement

(Stanley and Unrug, 1972) and short distance of transpertation, Tespec—

tively, probably from the shelf bresk or steep walls of the slope into

deeper and less steep areas, The depositicnal site should have been

steeply sided to the east by uplands of lower Paleozoic rocks that sup~

piied the clasts of all sizes and lithologies.

The coarse and fine-grained terrigenous units may represent dif-

ferest facies of a sub-zea fan (Normark, 1970, 1974; Nelson and Rulm,

1973; Walker and Mutti, 1973; Nelson and Hilsowr, 1974) that existed at

the base of the continental slope. Units tl and tzu, structurally the

lowest, and geographically the easternmost wunits of the terrigenous

packets, contain the coarsest grained and most massive sediments, These

are characteristically in fault contact with allochthoncus lower
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Paleozoic packets. Units 3 and t4, on the other hand, are bedded,

graded, better sorted, and finer grained, and 1lie at higher structural
positioms, west of unit tl and tzu. The coarse-grained units tl and tzu
ars discontinuous and laterally grade, in short distances, into finer
grained rocks. The following is an interpretation for depositional
setting of the terrigenous rocks based on models of Hormark (1970,
1974} and Helson and Nilson {1974) of sub-ses fans. Units tl, tzu, and
t5, are interpreted as imner fan sediments, which were probably derived
from the walls of canyons that cut the slope, exposing lower Paleozoic
rocks. Rocks that probably represent widdle fan facies occur in t3 at
Ophir and Wisconsin Canyons. At these places, t3 is dominantly massive
fine to coarse-grained breccia, bedded, medium to coarse grained sand-
stone, and pelite. In places, sandstone makes lenticular bodies in the
pelite. The breccia in t3 is finer grained than that in tzu and with
the sandstones can be interpreted as turbidite deposited in channels.
Evidences for thig interpretation are Bouma ab divisions, and high
sandstone/shale ratio. Stratigraphically upsection in t3, the deminant
rock type is pelite, Here, sandstonme is finer grained, graded, and con-
stitute thin lenticular bodies in the pelites. These may represent
interchannel deposits of a middle fan, evidenced by their low
sandstone/shale ratio, finer sand grain size, and smaller sand bodies
relative to pelite, These rocks grade further upsectien to hemipalagic

rocks of unit hS with sporadic medivm to coarse~grained, graded, and

lenticular sandstones,
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These include units h4, h3, k7, and h8 that occur at structurally
higher levels than the terrigesmous rocks in the allochthon. They
include light gray, green, brown, and reddish slate, which is interbed~
ded with milky, light gray, brown, and green chert with bed thicknesses
ranging between 0.2 and 30 cm, and & mode between 10 and 20 cm. Pal-
ites are more abundant than chert. Chert beds with thin pelite
interbeds, however, are locally dominant. Slates contain very £fine
gand and silt quartz, and minor chert and quartzite grains.

Bedding is well defined and is continuous where pelite is inter—
bedded with chert. A penetrative slaty cleavage overprints bedding in
pelite. Graded chert-quartz sandstones, laterally continuous only for
distances of leass than 10 meters, occur sporadically im unit h8 as thin

(less than 10 cm) interbeds with pelite., Sandstoves are more common at

the basal gradational coutact of umit h5 with t3. Sandstones comtain
chert, quartz, asnd miner quartzite grains which were highly flatrened
during formation of the cleavage (Chapter 3). The upper contact of the
upper Paleozoic hemipelagic wzocks is with volcanogenic rocks. Lower
Paleozoic rocks of packet 5 and 9 were thrusted into the allochthom and
juxtaposed against pelagic packets during final stages of the emplace=~

ment of the allochthon {Chapter 4},

Depositional environment - These rocks are interpreted as hemipelagic

(Berger, 1974} because of their wmainly bedded chert and pelite and
minor and thin terrigenous chert-guartz sandstone interbeds. The fine

sandstones are interpreted as distal turbidite {Bouma and Hollister,
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1973) because of graded bedding and their considerable comtent of

matrix, and because they are thin-bedded, laterally discontinuous, and
interfinger with bedded chert and pelite. The chert and quartzite
grains in these turbidites are correlated with the ones in the subja-
cent coarser grained terrigenocus rocks.

The hemipelagic rocks were probably deposited in the abyseal plain
{Bouma and Hollister, 1973) of an ocean basin becanse of 1) continuity
of bedding in chert, 2) uniformity in size of quartz sand and sil:c
grains in pelite, and 3) their dominant red and green pelite and chert.
Sedimentation in the basin was dominated by the deposition of the
suspended or eolian mud, biogenmic ooze, amd terrigenocus debris which
were probably tramsported by distal turbidity currents. The eastern
part of the ocean basin was fed with a subsea fan which through its
channels supplied sediments for the depositicn of the terrigenous rocks

at the slope~base and distal turbidites in the abyssal plainsg of the

ocean basin,

3) volcanogenic rocks

Units vl, v2, and v3 mainly constitute volcanogenic sedimentary
breccia and sandstone, chert, pelite, and volcanic rocks, These rocks
occur in packets atructurally bigher than the terrigenows and hemi-
pelagic rocks of the allochthon (Figure 2-1}.

The breccia is massive, peorly sorted, and containe various types
of <¢lasts that float in a sandy volcanogenic matriz. Clasts include:
i=15 em long, angular to subrounded, green, red, miiky, and gray chert;

1-20 cm long, subangular and tabular pelite; 1-20 cm long, subangular
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to subrounded, light brown, green, and greenish gray, fine to medium

grained volcanogenic sandstone; sparse, large (20-100 c¢m), subrounded
to rounded bloecks of light brown crystailine limestome; red jasper; and
igneous rocks. The igneous clasts in the breccia are of two different
types: voicanic and coarser grained granitic rocks, The volcamic rocks
are porphyritic and c¢ontain lath-shaped sericitized plagioclase cry-
stals with common pelysyuthetic and Carlsbad twinning, and chloritized
and serpentinized clinopyroxenme and hornblende phenccrysts in a fine
matrix. Plagioclase erystals are mainly bytownite, oligoclase, and
andesine, as determined by the Michelle Levy method. Granitic clasts
are large (1-100 cm) and contain a considerable percentage of quartz
crystals, alkali feldspars with gridiron twinning, and chloritized
muscovite, l

Volcanogenic sandstones are poorly sorted, very fine to coarse-
grained, 1light to medium gray, and green. These are massive, and less
frequently, where finer grained, laminated, graded, loaded, and convo-
luted. Other rock types include light green and red chert, red, light
gray, greenish gray, and green mudstone, sandstone, and pebbly sand-
stone with volcanogeni¢ sandstone and chert pebbles and sporadic convo-
lute and slump structures. Bedded red cherts contain radiolaria and
yield late Paleozoic ages (Table 2-2}.

Bedding i3 continuous and well defined in the interbedded pelite
and chert in contrast to that in the mainly massive sandstone and brec-
cia. Lateral and vertical litholegical and texturzl variations io

short distances are characteristic of the coarse volcanogenic rocks.
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brecci.
Facing, indicated by graded bedding and load structures, i variable,

Tl
indicating folded bede,
, . a shoz
Volcanic rocks make up the bulk of the volcanogenic-basaltic pack-
. . . L. . derived
ets and include pillowed, massive, and porphyritic basalts. Pillows
L. ] . graniti
range in size between few centimeters and a meter. Units vlb, v2b, and
. , ) breccia
pZb are the largest exposures of volcanic rocks im the velcanogenic
. . igneous
packets (Figure 2-1). However, volcanic rocks ocecur in many other parts
bedded
of these packets. The contact of the basalts with volcanogenic sedimen-—
chert
tary rocks is probably faulted depositional. Two chemical analyses of
volcane
the pillow basalts in Pablo and Jett Canyons, about 20 km south of the
and res
study area, by Speed (1977a) relates them to oceanic basalts except for
De;
their unusual high soda content.
current:
In general, all structurally high packets of the Golconda allo-
ton and
chthon are either dominantly volcanogenic or at least have volcanogenic
of bed¢
lenzes, Unit vl is in fault contact with pelites and cherts of the
sorted s
structurally lower hemipelagic unit &5. No volcancgenic rock exista
tion fr
east of unit vl in the allochthon. Unit v2 is structurally overlain by
. ; . i . . A structur
pelagic rocks which include minor volcanogenic sandstomne. Higher in the
. R . breccia
allochthon are volcanogenic sedimentary rocks of unit v3,
sandston
Depogitional environment - Chert and pelite were apparently deposited from ch
with breccia and sandstone and lecally resedimented in them as indi~ graded b
|
cated by their presence both as interbeds and clasts in these rocks. 1962; w
Clasts of chert and igneous rocks also occur in pebbly pelites that ites are
interfinger with the sedimentary breccia, indicating local resedimenta- The

tion of wmud and breccia, Green rims around red chert c¢lasts in the
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The large size of chert and pelite c¢lasts in the breccia suggests

a short transportation path and that they were probably intraclasts

derived from walis of local channels, Moreover, where in contact,

granitic igneous clasts penetrate the adjacent chert clasts in the

breceisa, indicating that the chert clasts were relatively soft when

igneous debris arrived st the depositional site. In addition to the

bedded chert and pelite with clasts of volcanogenic sandstone, large

chert <clests in the breccia contsin lenses of fine to mediem grained
volcanogenic sandstome, indicating that pelite and chert were deposited
and resedimented with the volcanogenic debris.

Depogition in submarine canyona or channels, probably by turbidity

currents (Walker and Mutti, 1973; Mutti and Ricci-Lucchi, 1978, Middle~
ton and Hampton, 1976) is suggested by 1) the great thickness, 2) lack

of bedding in the breccia and sandstone, 3) high content of poorly

sorted sandy matrix, 4) rapid lateral and vertical litholegical wvaria~

tion from breccia to sandstone to pelite, 5) graded bedding and load

structures at the base of the peorly sorted massive sandstooes and

breccia representing Bouma a division, 6) convolute structures in finer

sandgtones, and 7) resedimentation of chert and pelite clasts plucked

from channel walls. The Bouma division a indicated by the massive

graded breccia and sandstone with load marks, and d and (or) ¢ (Bouma,

1962; Walker, 1965; Middleton and Hampton, 1976), represented by pel-

ites are the most commen in the volcanogenic rocks.

The ececcurrence of radiolarian chert and red pelite suggests that




the volcanogenic sediments were deposited on ccean flgor. This is sup-
ported by the common slices of pillow basalts that correlate with other
basalts attributed to the oceanic thoeliites, These basalts and the
jasper clasts in the breccia suggest active volcanism in the basin.
However, because of the unknown age and contact nature of these
basaltas, this interpretation in umcertain. The lithology and large
size of the clasts of angular granitic igneous rocks indicate a mag-
matic source, most probably not far from the depositional sgite, that
bad access to the basin, probably through channels or submarine canyons
possibly feeding a subsea fan, The presence of conduits is suggested
by the occurremce of resedimented coeval intraformational chert and
pelite clasts in the breccia and lateral] variation of coarse brecciz to
finer grained sandstonme. The breccia is therefore interpreted as sub~-
marine channel f£ill depesit. Radiclarian cherts and red pelites are
probably background pelagic sediments on the ocean floor. The fine-
grained volcanogenic laminated sandstones are interpreted as finer
grained tails of the turbidites or overspills of the channel. The
sparse large limestone clasts in the breccia indicate the presence of
carbonates in the magmetic source area, and probably suppert the idea
that the debris did not travel far. The carbonates may have been shal-

low marine deposits surrounding emergent velcanoes which supplied the

volcanic debris,

The breccia in the volcanogenic packets contain two ingredients

that may ascribe to an island arc source: 1) quartz bearing wvoleanic

clasts, 2} Na-plagicclase rich velcanic clasts, An extenrsive arc ter—
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rane, west of the Golconda allochthon, has been recognized by Speed

(1977b}. The arc terrane is mainly covered by Mesozoic and Cenozoic
strats that permit few exposures at Mina, Black rock Desert, Humbolt
Range, and Union District amomg other regions in northweastern Wevada
(Speed 19%7b). The rocks of the arc terrane are mainly mafic volcanmie
and gre-derived sedimentary tocks chiefly of late Paleozoic and pre-

late Middle Triassic age. Evidence of the arc terrane in other areas is
provided by the initial strontium isotopic ratio (STSr/%Sr)o for Meso-

zoic gramitic and upper Cenozoic volcanic rocks (Kistler and Peterman,

1973; Ristler, 1974; Speed, 1977b), The Sr isotopic ratio for these
rocks in the arc terrane ranges between 0.704 and 0.706, typical of
igland arc lithespheres, reflecting the composition of the mantle where
magma wds generated (Ristler and Peterman, 1978; Speed, 1977b). The

0.706 and 0.704 contours delineate the arc terrane to the east and

veat, respectively {Speed, 1977b); Figure l-2). The 0.706 contour is
the easternmost boundary of igneous rocks which formed from magmas gen=
erated from a subcontinental lithosphere (Speed, 1977b). This line runs
subparallel to the regional N~-S tremd of the Goleonda allochthon and is

deflected to the west im the Mina region (Figure 1-2). The line is

interpreted to define the westernmost Paleozoic shelf rocks in Nevada

(Speed, 1982b}. Gravity and seismic data (Cogbill, 1979; Prohdehl,

1979) indicate thickening and (or) a decreass in density of the <con-

tinental

crust of North America east and south of the 0.706 line

{Speed, 1982b),

The nearest outcrop of the arc terrane to the study area is in the
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Union District about 30 km to the northwest in the Shoshone Range.
Here, chemical analysis of volcanic rocks indicates andesitic composi~
tion (Speed, 1977a). Silberling (1959) and Speed {1977h} report the

presence’ of granodiorite and quartz momzonite clasts in the rtocks of

the arc terrame in this area. No granitic rocks older than 202 my {(Mid~
dle Triassic), which is apparentiy younger than the andesitic unit,

exists within 100 km radius of the Union district (8peed and Armstrong,

1971; McRee and Silberling, 1971; Speed, 19775). Based om this and the

paucity of granitic clasts in Triassic conglomerates above the zndesi-

tic rocks, Speed (1977b) proposed an island arc origin for these grani-

tic rocks.

Granitic clasta are common in coarse~grained upper Paleoczoic wvol=-

canogenic breccia of the Golconda allochthon in the study area, and

occur with wafic volcanic clasts of probably andesitic composition.

Although chemistry of these rocks is unknown, both types of the clasts

in the volcanogenic rocks of the Goleconda allochthon may have an island

arc provenance &s suggested by their petrography as deseribed before,

and indirectly from their age and geologic setting. The two types of

the igneous clasts may have come from a single source as suggested by

the existence of the two types in individeal beds of turbidites., The

age of the resedimented volcanocgenic rocks is the youngest among other

rocks of the allochthon {Table 2-2) and ranges between Permsylvanian

and Permian (Guadalupian), indicating a minimum age of Late Permian for

the arc terrane. Its maximum age is at least Pennsylvanian.
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4} Pelagic rocks 40

These rocks include units pl and p2 that lie at the highest struc-

rural positioms except relative to unit v3 (Figure 2-1). They are

mainly chert that are in average thicker bedded {(1-30 cm) than cherts

in the hemipelagic wrocks. Pelites on the other hand, are relatively

thinner and less frequent. The rocks of units pl and p2a include light

to dark gray, green, and wilky chert. Chert is iaterbedded with thin

(0.1=1 em}, red and, less cosmmonly, light gray pelite and ted jasper.

Unit p2a includes lenses (0.2~ 6 m thick) and interbeds (0.1-15 cm

thick) of fine grained, massive, or laminated volcanogenic sandsteone

and siltstone, The volcanogenic beds have erosional bottoms in the

interbedded chert and pelite. The bedded chertsz in both units p2a and

pl contain radiolaria which yield four late Paleozoic ages (Table 2-2).

Unit p2a is among the most extensgive packets of the GColconda allo-

chthon.

Unit p2b i3 exclusively dark massive Dbasalt and 1is probably a

thrust sheet. Unit ple¢ includes interbedded pebbly polymict breccia and

fine to medium grained sandstone. Clasts in these rocks are variegated

chert, fine sand to gravel, amgular to subangular, gray quartzite, and

serpentinite. Matrix is green and silty to sandy, probably amphibole

and chlorite rich. Rocks of packet 15 are metamorphosed at their con-

tacts with a granitic pluton in upper Ophir Canyon (Figure 2-1) which

may be of the same age as the Tertiary Ophir pluton. At these contacts,

cherts and pelites are converted intoc meta—chert with gquartzitiec tex-~

ture, and silicified meta-pelite., The effect of metamorphism diminishes
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away from the pluton. !

Depositional environment - The mainly homogeneous and continwously bed-

ded radiolarian cherts, thinner red and green pelite, and the lack of
terrigenous rocks suggest that these rocks are pelagic {Berger, 1974).
The existence of red jasper and basalt of unit p2b may suggest active
volcanisw and fumaroles in the depositional site. Such interpretation
can be false given the faultad nature of the basalts. The presence of
aporadic channelized volcanogenic sediments in pelagic rocks indicates
that the depositiomal basin wes open to the influx of fine~-grained vol-
canic debris, probably from the same scurce that fed the lithie uwnits
ef the volcanogenic rocks as suggested by their gimilar lithology and
age,

Despite their overlapping ages with the voleanogenic rocks, the
pelagic rocks should have been deposited in part of the oceani¢ basin
which was dominated by pelagic deposition and sporadically open to the
influx of fine volcanogenic debris, Despite few overlaps, the ages of
the radiolarian cherts in the pelagic rocks are in general older than
the radiolarian cherts in the volcanogenie sequenca (Table 2-1). This
probably means that during the Missigsippian or Pennsylvaniam, the
depositional basin of the pelagic rocks was remote from turbidite
sources.

The massive basalt of unit p2b is interpreted as & aslice of oce-
anic crust which was detached from the depositional site. The rela-
tionship of the coarse-grained detrital rocks of unit p2c with the

pelagic rocks of p2a is unknown.
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Facieg analvsis among upper Paleozoic rocks

Table 2~4 summarizes facies and depositional setting of the four

major 1ithic types in the upper Paleozoic packets of the allochthen.

This Table indicates a systematic geographic and structural distribu-

tion of facies. The structurally lowest packets in the eastern parts of

the allochthonr, include the coarsest grained terrigenous clastic rocks

that may represent slope—base, inner, and middle fan accumulatious.

Ciasts in these rocks can be correlated by their lithology and age with

lower Paleozoic rocks

below the Golconda thrust. Higher and farther

west are the hemipelagic rocks which could be ccean plain or outer fan

equivalent to the terrigenous tocks, Farther west and structurally

higher in the allochthon are volecanogenie and pelagic rocks that

represent ocean floor deposits and distal equivalents ¢f the terri-

genous deposits. The volcanogenie debris were wost probably supplied

from an are terrane which was located to the west of the gceanic basin

ag discussed before,

Because the four upper Paleozoic lithiec suites have an ordered

structural positiom in the Golconda allochthon, and because their ages

overlap, the depositional setting for each suite can be part of a

regional depositional enviroument that prevailed during late Paleozoic.

Since paleomagnetic data is not available for the Golconda allechthon,

its translation and rotation with respect to the underlying Roberts

Hountains alliochthon and the Morth American continental crust is unk~

nown. However, unique ties exist between clasts in the lower terri-

genous packets of the Golconda allochthen and underlying lower Paleo-
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zoic rocks belonging to the Roberts Mountains allochthon. Other sup-

porting evidence relating the depesitional environment te the North

America and Nevada are: 1) existence of continental shelf deposits of

the Diable Formatiom under the Gelconda thrust that have partly similar

clast lithology and age as the terrigenous rocks in the allochthon, 2)

presence of slope and slope-base terrigenous rocks at the base of the

allochthon, and 3} parallelism of the 0.706 isotopi¢ ratic contour and

the rrend of the allechthon, amd its alignment parallel to the boundary

between the shelf and slope sediments (Speed, 1977b}. A paleogeo-

graphic reconstruction based on the observed facies variation in the

upper Paleozoic rocks is given in Chapter 4,

11) Lower Paleozoic rocks

These include lower Paleozeic vaits hl, hé, and h7, mainly at the

lowest structural positions in the Golconda allochthon. All include

dark phyllite and slate, light to dark gray and light green bedded

chert and meta-chert, and thin-bedded dark gray crystalline limestone.

Unit hl includes fine-grained, 1light browm, non-calcareous, quartz-

chert sandstone. Although interbedded chert and pelite of these units

are similar to those of the upper Paleozoic hemipelagic rocks (e.g.,

13, hS5, and h8), their thin-bedded limestone and organic pelite allows

them to be distinguished and allied with the lover Paleozoic rocks

below the Golconda thruat, Ordovician conodonts im twe limestone

interbeds support this interpretatiom (Table 2=1). Bedding is well

defined and i3 continuous in these rocks. Pelites of unit hé show two

generations of c¢leavage; a slaty cleavage and a younger spaced cleavage
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(Chapter 3) which is absent in the upper Paleczoic rocks.

Packet 9 coutains subunit t5 which resembles zllochthonous upper

Paleozoic terrigenous rocks of units tl, t3, and thrust—zone unit (tzu)

{Table 2-3). The contact of t5 and hé is covered. Unit t5 includes

megaclasts (up to 40 m) of quartzite and gravel-sized quartzite, chert,
and limestone clasts which are embedded in a sandy matrix Unit t5, hav-
ing similar lithology as units tl, t3, t4, and tzu, belongs to the ter-
rigenous upper Paleozoic rocks which was either deposited unconformably
and (or) thrusted over lower Paleozoic rocks of unit hé or & combina-
tion of these.

Unit hl, hé, and k6 can be interpreted as hemipelagic because of
their content of chert, limeatone, and terrigencus sandstone interbeds.
Unit hl is allochthonous because of its tectomic position above the
Golconda thrust, emplacement above upper Paleczoic autochthonous Diablo
Formation, and its highly tectomized contact with unit t3. Unit hé and
76 are clearly allochthonous because they lie between packets of upper
Paleozoic rocks in the allochthon. These roeks and probably their over-
lying upper Paleozoic rocks of unit t3 were incorporated into the allo-
¢hthou in the final stages of its emplacement as is suggested by their

low structural positionms {Chapter 3).

1¥1) Triassic and Triassic (1) rocks

These include clastic rocks that occur at low structural positions
in the Golconda allechthon at Marysville Canyon (Fig. l-I). They cccur
in the fault bounded ugit t2 which iies between packets of wupper and

lower Paleozoic rocks. The Triassic rocks are calcarecus fine to pebbiy

sandstc
chert,
and suk
calcare
Tt
traces.
and sar
carecus
with al
h3, aad
long pl
chert,
mediun
Le
and lat
Triassi
typical
{(Figure
clasts;

origin |

Deposit

zoic ro

,}
i
]
1



45

honcus upper
ne unit (tzu)
t5 includes
tzite, chert,
Jnit t5, hav-
3 to the ter-
inconformably

r 4 combina-

because of
1e interbeds.
1 above the
onous Diabie
Unit h4  and
ets of upper

their over-
to the allo-

ed by their

al positions
. They oceur
upper and

ne to pebbiy

46
sandstone, pebbly conglomerate, and breceia with quartz, red and gray

chert, chert-sandstone, feldspar crystals, and plagicclase-rich angular

and subangular volcanic clasts. Other rocks include massive chert and

calcareous mudstone,

The limy and sandy mudstone are bioturbsted with horizontal

traces. The sandstones are limy, thin-bedded and rippled. The pelitic

and sandy rocks contain shell impressions and are at least partly cal-
careous, There is no clesgvage in these rocks in contrast to sandstones

with alwost the same lithology in other units of the aliochthon (e.g.,

15, and h8). Sandstones include angular volcanic pebbles with thin and

long plagioclase needles and angular to subangular quartz, plagioclase,

chert, and opaque mineral grains which are dispersed in a fine to

medium volcanogenic sandy matrix.

Lenges of carbonated serpentinite, between 5 and 10 meters thick,

and laterally continucus for at least 15 m, occur at the contact of the

Triassic rocks and unit t3 (Figure 2-5). These serpentinite hodies are

typical of thrust contacts of many packets at low structural positions

(Figure 2-5, Plate 1). However, they occur alse as large sedimentary

clasts in many terrigenous rocks such as tl, t3, and perhaps t2. Their

origin is discussed in Chapter 4.

Depositional environment =~ The Triassic rocks are allochthoncus because

they occur between allochthomous packets of upper and lewer Paleozoic,

and because their boundaries with these twoe packets include tectonized

serpentinite. The major differences between Triassic and upper Faleo-

zoic rocks in the allochthon are in the carbonate content and lack of



cleavage in the Triassic rocks. 47

The Triassic rocks were deposited in a basin which received vol=
¢anogenic, chert, carbonate, and aserpentinite debris. The anguiarity of
the clasts suggest proximity of the depositionsl site to the source. A
shallow marine depositional setting is inferred for these rocks based
on the presence of bioturbation and bivalve shells. Best candidates
for the source of all the clasts in these rocks are the Golconda sllo-
chthon and its relative autochthon. An interpretation for the environ-

ment of deposition is discussed in Chapter 4,

Onit t6
The westernmost outcrops of rocks unconformably below Tertiary
voleanic rocks are pelitic and fine to coarse detrital rocks of unit

t6. These include fine to medium grained, light purple and brown,

well-gsorted, and thin~ to thick-bedded (1«70 cm, 2nd a mode of 20 cm}

quartzite, light brown and red silty pelite, and a poorly sorted sedi-
mentary breccia. Clasts in the breccia are subangular glassy quartz,
light to dark gray, red, and nilky chert, and angular to subangular
quartzite. Quartzites are graded and have curved cross laminations.
Their contact with red pelite is load marked. These rocks are metamor-
phosed as evidenced by the presence of silicified sedimentary breccia
and conversion of sandstone into quartzite, probably due to the effect
of the adjacent gramitic pluton.

The contact of unit té with v3 is not exposed and its age is unk-
nown. The rocks of this unit are much coarser grained than those of the

adjacent sand structurally high units of the allochthon. Three
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alternative origins of unit thH are as follows:

1=~ Unit t6 is a young autochthonous depesit which was laid down after
the emplacement of the allechthon in the Mesozoic or Tertiary and
before the intrusionm of the granitic plutons and cover by Tertiary vol~-

canic rocks.

2- Unit t6 is part of the Golconda allochthon but unconformable on sub-
jacent packets. A likely site of deposition for these rocks in this
model is a forszarc basin if they prove to have overlapping ages with

lower packets of the allochthon,

3~ Unit th is part of the Golconda allochthon and an acereted packet
wvhich was emplaced in early stages of development of the allochthen

exposed in the Tolyabe Range suggested by its high structural position.

Because of their unknown age and paucity of data on their age and

lithology, ail these origins are tentative and remain to be examined.



Autochthonous rocks

The lower plate of the Golconda thrust includes lower Paleozoic

rocks {1Pz) and the Permian Diablo Formation (Pd) (Figure 2-1), The

allochthon iz overlain fo the west by Tertiary volcanicas (Tql) and pos-
sibly by eclastics of wunit tf, Except possibly for unit t6 which was
described in the previous section, other cover strata and astochthonous

rocks are described in the following paragraphas.

These are rocks below the Diablo Formation in Ophir and Wisconsin
Canyons, and below the Golconda thrust elsewhere. At Ophir and Wiscon~
sin Canyons, they include metamorphosed calcarecus pelite, calcarenite,
thick-bedded medium gray pelite end chert, gray crystalline limestone,
fine-grained quartzite, and conglomerate with meta-chert, limestone,
and calcarenite clasts, Clasts im the breccis are touching and, in
places, floating in a metamorphosed biotite~bearing matrix, Other
rocks include dark pelite and greenish gray massive and porphyritic
basalt with plagioclase phenocrysts. A large serpentinite body, similar
to the fault-zone serpentinites in the Golconda allochthon, occurs in
this unit in Wiscossin Canyom. In Summit Canyon, the autochthonous
lower Paleozoic rocks are mainly gray, fine-grained, massive or thick-
bedded quartzite. They have been mapped as Cambrian Gold Hill Formation
and Cambrian—Qrdovician Palmetto Formation by RKleinhampl and Ziony

(1967},
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autochthonous Diable Fommation (Pd)

This unit lies immediately under the Golconda thrust im Ophir and
Wisconsin Canyons. It was first assigned to the Diablo Formation by
Ferguson and Cathcart (1954) in the Toiyabe Ranmge, becasuse of its
mainiy coarse chert-clast lithology and fossils that correlate with the
Dizblo Formation in the Candelaria Hills {Speed and others, 1977). The
Diabio Formation of Ferguson and Cathcart (1954) is divided into eight
gtructurally and spatially discrete units in the Toiyabe Range by Speed
and others (1977). According to Speed and others (1977), all except
two of these units are allochthonous relative to the Gelconda thrust.
The other two (their units dl and d3) rest with erosicnal centact over
lower Paleozoic rocks, BRocks assigned to the Diable Formation in  the
study area are equivalent to unit d1 of Speed end others (1977) which
lies under the Goleconda thrust.

No fossil has beem found in the study ares in these rocks. How-
ever, partially correlative autochthomous Diablo rocks in Pablo and
Jett Canyonms, 20 km to the south, have yielded fairly late Permian
(possibly Wolfcampian to Guadslupian) fossils (Speed and others, 1977).

These rocks are charséteriatically tomoclinal and lie between
highly deformed rocks of the Golconda allochthon above and lower Paleo-—
zoic autochthonous rocks below. The contact of the Diable Formation and
lower Paleozoic rocks 1is unconformable (Speed and others, 19773,
Lithology of the rocks in the Diablo Formation dis as follows: gray,
plane-laminated, medium- to <oarse-grained quartz- and quartz-chert-

arenite, interbedded with clayey and silty sandstone;  graded
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conglomerate with <chert and quartaite clasts; light gray and white,

piane-lsminated pebbly and well-sorted calcarenite; and marble. The

breccia and sandstone have erosional contact, and both are tectonically

foliated {Chapter 3) by the preferved planar orientation of the <clasts

that is parallel to an anastomosing foliation in the matrix., The folia-
tion is homoclinal and parallel to bedding. These rocks are silicified
probably due to the thermal effect of the neighboring Ophir pluton. &

description of these rocks is given in Speed and others (1977).

Depozitional environment -~ Disharmonic syndepositional folds (Chapter
3) oceur in the calcarenites south of the Ophir Canyon, suggesting
slumping in an unatable depositional site. Lamiratiom in clasts of
quartz arenite is folded in places, suggesting that they were soft or
previously deformed when deposited in the breccia. The chert, quart-
zite, and other clasts in these rocks are correlated with autochthonous
lower Paleczoic rocks to the east., The main difference between auto-
cbthonous Diable Formation amd allochthonous rocks of unit t3 is in the
presence of calcarenite and limestone interbeds in the former and large
serpentinite and other clasts in the latter; reflecting their different
depositional enviromment.

Speed and others (1977) assign a shallow stable marine (outer
shelf) enviromment for this unit mainly on the basis of its correlation
with their unit d3 in Pablo and Jett Canyons, where broken bivalves are
common, snd because of the presence of well-bedded carbonates and sand-

stones.,
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Toiyabe Quartz latite (Tql) 52

Rocks of this unit (Ferguson and Cathcart, 1954; Speed and McKee,
1976; Laine 1977} overiie unconformably most of the Colconda allochthon
on the western flank of the Toiyabe Range (Figure 2-1). It includes
partly welded crystal- and crfstal-pumice-ash fiow tuff that give a

21.5 wy K-Ar age (Kleinhampl and Ziony, 1967; Speed and McXee, 1976).

The crystals conaist of quartz, feldspar, bictite, and horxnblende, and
conatitute 357 to A0X of the rock, whereas pumice varies between 02 and
15% and is devitrified (Laine, 1977). It is believed that rocks of Tei-
yabe quartz latites were deposited after a period of Early Miocene cal=-
dera formation, intrusion, apd volcamism (Speed and McKee, 1976; Laine,

1977).

Ophir pluten

Granitic rocks of the Ophir pluton intrude both the autochthonous
and allochthonous rocks in lower and upper Ophir Canyon {Figure 2~1,
Plate 1). In both areas, rocks of the autochthonous Diable Formation
{(Pd), lower Paleczoic (1Pz), and allochthonous units are metamorphosed
at their contacts with granitic rockas ¢f the (Qphir pluton, with the
development of meta-chert, meta-pelite, silicified rocks, and marble.

Ophir pluton has previously provided a 54 my K-Ar date from
biétite (8peed and McKee, 1978). A 42 my K-Ar date has been obtained in
the present study in the lower (easterm)} part of the pluton.

The relaticnship between Ophir pluton and Toiyabe gquartz latites

is not clear, However, the rocks of the Toiyabe quartz latites lie over

an undated granitic pluton im upper Ophir Canyon,



CHAPTER 3 - STRUCTURAL GEOLOGY OF THE GOLCONDA ALLOCHTHON

IN THE STUDY AREA

Introduction

e g B e PN

In this.Cbapter, structural data from all rocks of the Golconda
allechthon, Diablo Formation, and to a lesger extent, autochthonous
lower Paleozoic rocks are discussed. Interpretation of the kinematics
of deformation is given in Chapter 4.

At least  phases of deformation are detected in upper Paleozoic
packets {(Chapter 2) of the Golconda allochthon in the study area (Table
3-1), The first (D1) comsists of close to isoclinal folds (F1) of bed-
ding mainly recorded by isolated hinges and boudins of chert in ziate
and by axial plane slaty cleavage’ (S1). The second (D2) involves
thrusting and. stackiné of the folded rocks and is evidenced by the
existence of packet-bounding faults (Chapter 2) that cut across DIl
structures. The third phase (D3) includes F2a folds deforming ¢leavage,
bedding, and packet-bounding thrusts with haif-wavelengths of at least
200 meters. Such folds are detected by the regional variability of bed~
ding and cleavage and by a macrescopic fold in packet 7 in  Ophir and
Wisconsin Canyons. D3 also includes local F2b folds that occur at a
thrust zome between packet 7 and 8. D& involves F3 felds including
kinks in pelite and related folds with round profile in interbedded
thin chert and pelite. Undeformed kinks occur together with refcolded
and faulted F2b folds at the contact of packet 7 and 8, indicating that

kinks and associated sinusoidal folds are younger than the F2b folds.

53
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At the Golconda thrust zone, mesoscopic folds (F4) cut by loeal faults,

are related to the latest deformation (D5} along the thrust, Except for
the local F2b and F4 folds, a similar sequence of deformation is evi-
dent in all packets of upper Paleozoic rocks of the allochthon.

The lower Paleozoic and Triaseic rocks withim the allochthon
differ in lithology (Chapter 2) and structure compared to the upper
Paleozoic rocks. lsoclinal folding is indicated in the lower Paleozoic
rocks by the parallelism of a well developed slaty cleavage and bedding
in interbedded pelite and chert. A younger aspaced cleavage, absent in
uppexr Paleozoilc rocks, exists in packet 9 which i3 dominated by rocks
of probable early Paleozoic age. Mesoscopic and variably oriented
folds younger than cleavage, are smong the other structures of packet 9
vhich are absent in upper Paleozoic packets, The tectomic <fabric in
the lower Paleozoic rocks may at least partly be of pre~Gelconda age.
Triassic rocks differ from both lower and upper Paleozoic rocks in that
they are very little deformed., No cleavage or folding is evident in
these rocks despite their partly similar lithology to some upper Paleo-
zoic rocks (Chapter 2},

Any kinematic model, to explain development of the Golconda allo=
chthon, should account for ordered accretion of varied facies of upper
Paleozoic (Chapter 2), lower Paleozoic, and Triassic packets to cthe
allochthon, snd the ordersd sequential deformation in these rocks.
There are two alternatives to explain the sbove: 1) upper Paleozoic
rocks were part of an originally continuous mass which were sequen-—

tially thrusted inte a prism and emplaced over lower Paleozoié rocks of
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the continental margin that later imbricated with the lower Paleozéﬁi
snd Triasasic rocks to form the allochthon; 2) rocks of different ages
constructed smaller allochthon, which were later amalgamated intc the
Goleonda allochthon. The geographic and structural distribution of dif-
fereat upper Paleozoic facies discussed in Chapter 2, the limited
occurrence of lower Paleozoic and Triassic zocks at the basal part of
the allochthon, and the observed evidences of the same sequence of tec-
tonic events in all the upper Paleazoic packets supports the first
scheme.

The fundamentsl structural feature of all packets of the upper
Paleozoic section of the allochthon is their boundary faults that can
be used as a reference for the formation of all other tectonic fabrics.
Accordingly, the deformation in the upper Paleozoic packets can be
divided in a sequence relative to thrusting of the packetz into the

gection as pre-~, syn~, and post-thrust,

re~thrust deformation - The isoclinal folds of beds (F1) are the ear~

liest structures in esch packet and are cut by packet boundaries., Pre~
thrust deformation (Dl) is manifested in the Golconda allochthon as a
well developed axial plane slaty cleavage in pelite and spaced folia-
tion in sandstone. Dl structures exist in upper Paleozoic packets,
which despite their different litholegy, represent varied facies of a
depositional environment that persisted from late Mississippian through
Permian (Chapter 2). Alternative schemes for assembling the packets and
formation of these structures are as follows: I} D1, represents simul-~

tanecus deformation of rocks of wide age span before thrust
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imbrication, 2) Dl is diachronous; younger in structurally lower and
later-emplaced packets than in upper ones, The second scheme appears
more probable because of the ordered distribution of upper Paleozoic

rocks in the allochthon (Chapter 2). The order would otherwise be dis~

turbed byvisoclinal folding had they been deformed according to the

first scheme. The implication of the secoud alternative is that Dl

deformation was progressive with congistently oriented shortening.

Syn-throst deformation - This deformation (D2) is marked by faulting of
the isoclinally folded rocks and by open folding (F2a)}, rotation, and
translation of the packets and formation of associated F2b folds. if
the second scheme discussed above is correct, syn—~thrust deformation
was also diachronous and spanned different increments of time in dif-
ferent packets, and overlapped in time the pre-thrust deformation in

younger packets,

Post-thrust deformation - After all or some of the packets were

accreted to the allochthom, DIl structures such as slaty cleavage and
first folds were folded by sporadie kink and other open and gentle
folds (F3). Other post-thrust structures include local F4 folds and
sssociated faults at the Golconda thrust that represent the latest

motion aleng the thrust.

Method and terminology

The allochthonous rocks are divided iato domains based on the
orientation of slaty cleavage and bedding in packets (Figure 3=1),

Except in packet 7, domains are indexed by the number of the packet
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that they include. Packet 7 is divided intec domains 7h5 and 7t3 accord-

ing to the corresponding lithic units (Figure 3-1). FEach domain is in
turn divided into subdomains that resolve local variationa of bedding
and cleavage within domains (e.g. la, 7h3c, etc.). In order to distin-
guish folds of different size, shape, and probably, generation, the
lengths and orientation of the parameters showm on Figure 3-2 were
measured. The rest of thie chapter is devoted to description of folds

of different generations, faults, and enalysis of strain in different

domains, All the fabric diagrams in this study are lower hemisphere

equal area projections,

Fizrst folds (FL)

Hemipelagic umits h5 and h8 which occur in domain 7 and 12,
respectively, provide the best exzposures of first structures. A
detailed analysis of the two domains will be given first, DI strue=-

tures in other domains will be covered at the end of this section,

Domain 12

Rocks of this domain {unit h8) provide a unique opportunity for
the analysis of Tl folds which are detected here as closures of beds
with asssociated axial plane slaty clesvage, bedding-clesvage intersec-
tion (bxe Llineation), and chert boudins (Table 3-1). The bedding clo-
sures of the first folds oceur mostly in subdomain 12b3. Sizes of these

wing the folds are shown on Figure 3-3. Half-wavelength of the majority of the

.

¥l folds ranges between 40 and 80 cm, but 10% are as wide as 140 to 160

cm, Most of the folds have amplitudes less than 150 cm, and the major-
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ity of them are individual halfwaves with uncertain inflection points
(Figure 3-2},

Figure 3~4 shows the orientation of these folds in domain 12.
Slaty cleavage and the axial planes ¢f these folds sre parallel to one
anothér and to cherts in their limba. Their hingelines and axes lie in
the cleavage and trend between NLPW and N45°W and plunge between 24°
and 75°, The bxe lineations distribute on a great circle paralieil to
the modal cleavage, axial planes, and homoclinal bedding. Most of the
bxe lineations plunge M, parallel ro the hingelines and fold axes
cbtained by bedding intersectioms (bxb)}.

The chert beds are boudinaged where interbedded with pelite. The
profile 1lepgth of boudins is commonly less than 10 cm, almost the same
as their length on cleavage except in rare exzposures where boudins are
continucus for few wmeters on cleavage. The distribution of the long
axis attitudes of boudinas in both cases, measured on cleavage, is simi-
lar to that of the bxec lineations, hingelimes, and fold axes of the Fl
folds (Figure 3-4). Although lineations in domain 12b generally occupy
a great cirele, they distribute as partial girdles in different sub-
domains (Figure 3~5), indicating a geographic distribution ¢f orienta-
tions., Where strain has been measured, most lineations are subparalletl
to the Y axis {Figure 3-79). In summary, all lineations lie in the
plane of modal cleavage, axial planes, and bedding in parallel limbs, a

distribution that could have been formed in the following ways:

1} Inhomogeneous coaxial strain: cleavage of different initial

orientations formed, for example due to anisotropy, rtesulting in
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aubdomain 12b3

subdomain 12bi

1
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e L pedding
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Figure 3-~5, Orientation of F. structures in the three subdemains




tion in bxe orientation.

pure or simple shear could have caused migratiou of DI
toward the X deformetion directiom within the Fflattening

plane (Ramsay, 1967; Sanderson, 1973; Rscher and Watterson,

say, 1978; Bell, 1978; Rhodes and Gayer, 1979%).

angles and directions in the coastantly oriented cleavage

hypotheses 1 and 3. Clustering of the bxb and hingelines is

ably the result of s geographic distribution, supported by

that these were

only measured in subdomain 12b3 (Figure
boudins are also clustered. No lineation attributed to

satisfy the fourth hypothesis, is evidenced in these rocks.

65
variably oriented intersections with a bedding of constant or wvariabie

initial orientation; progressive or later flattening caused the
cleavage to become subparallel and the lineations to become coplanar.
2) Inhomogeneous noncoaxial strain: orientation of the Z principal
strain %xis is constant but X and Y rotate, leading to the formation of
differently oriented boudins om a comstantly oriented cleavage.
3) Superposed folding: unidentified pre-D1l deformation caused
varied orientations of intersection with Dl cleavage. Small change in

the orientation of bedding and {or) cleavage can result in great varia-

4) Rotation of Dl lineations on the cleavage plane: Progressive

lineationa
(cleavage)

1974; Ram~

The geographic distribution of the lineatioms in the southern and

northern partz of subdomain 12b (Figure 3-5}, pitching at different

supports

moat prob-

the fact

3-5) where

shear, to

but
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Domain 7 66

Only few isoclinal folds were discovered in this domain., Struc-
tures of the Dl phase such as the axial plane slaty cleavage, bxc
lineation, and chert boudins, however, are common. Such structures are
reoriented in places because of a yourger (F2a) fold.

Figure 3-6 shows the orientation of F1 lineastions in domain 7h5.
The boudin axes aad hingelines of isvclinal folds at each subdomain
cluster at low angles to the corresponding modal cleavage. The bxe
lineations lie on the cleavage with a larger spread thaa chert boudins.
Such & distributionm cam be explained by the same hypotheses as men-
tioned in domain 12. Girdles of Fl cleavage and lineastions in sub-
domains 7h5a and 7h3b are due to ¥2a folds for the reasoms to be dis-—

cusazed later,

Other domains

Except for domain 9, which will be treated separately, the distri-
bution of bedding and ¢lesvage in other domains are shown on Figures
3~7 through 3-16. Bedding is parallel to cleavage in all these domains,
and both are deformed by F2a macroscopic folds. In general, the orien-

tation range of bedding and ¢leavage is approximately similar in each

domain and indicates deformation of the Fl folds. The partial girdle

distribution of cleavage and bedding in most domains and few unusual
orientatjoms, for example in 8b and lla, may be original; due to Fla
folds, or a result of inhomogeneous strain.

Boudin axes plunge shallowly to wmoderately W or NW except in

domains 7t3e and 13, where the steep and moderate SE plunge of boudins
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Figure 3-11 cont'd
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Figure 3~16. Orientatlion of bedding and cleavage in domain 15.

Figure 15 cont'd
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may be becawse of Fl and (or) F2a folding.

24

folds

These are large, gentle to open folds of bedding and cleavage and

packet bounding thrusts that are responsible for the variability in

cleavage and bedding ovientatiom in all the domains (Figure 3-7 through

3-16, 3-17). The statistical axes of F2a folds plunge shallowly to

moderately NNW.

The best example of the F2a folds is a macroscopic fold inm Ophir

and Wiscomsin Canyons in packet 7 (Figure 3~18). The fold is an iso-

lated single halfwave with halfwavelength of at least 200 meters. Its

axis plunges 30° MN16°W, and ite axial plane, constructed from axial

traces end axis, strikes N35%W dipping 42° NE (Figure 3-19). Cross sec—

tions of this fold are shown on Plate 3 and Figure 2-3.

Fla folds, homoaxial with average lineation of ¥l folds (Figure

3-17), are second phase because large range of F1 cleavage {(Figure 3~

19) canmot be accounted for by fanning and rather is explained by fold-

ing as discussed below, and because packet bounding thrusts are folded.

Figure 3-18 depicts a constructed profile of the macroscopic ¥F2a

fold inm packet 7. Shown on the diagram are also three subdowmaing in

this part of the packet which are defined by the fold, Summary diagrams

of F! atructures in subdomain 7h5a and 7h5b are shown on Figures 3-

20a,b, respectively. When combined, the two diagrams define a girdle

of cleavage and bedding, which contains the pole to the axial plane of

the only Fl fold measured in domain 7hSa (Pigure 3-20c). The zoual axis

of the girdle plunges NNW subparallel to the statistical axis of the
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F2a fold (Figure 3~19), Figure 3-20d4 illustrates =z synthetic fabrie

diagram showing the effect of the FZa folds on Fl structures by flex—
ural slip in domain 7h5a and 7h5b. According to this model, the linea-
tions -and poles to bedding and cleavage rotate about the axis of the
F2a fold in small and great <¢ircles, respectively. The initial Tl
linear and planar structures are assumed to be those in domain 7h5a
because here, cleavage and bedding are homoclinal and parallel to those
in other parts of packet 7 where there is no rotatiom by the F2a fold.
To achieve the cbserved fabric, the cleavage of the homoclinal part of
subdomain 7h5a is rotated about the zomal axis by 100°. No such fit
would be observed if both limbs are rotated 50%. The good fit of the
sctual orientation data (Figure 3-20¢) with the model (Figure 3-204)
indicates that there was flexural alip kinematics during F2a folding.

A model for the F2a folding is provided in Chapter 4.

F2b folds

These are local structures that occur only im subdomain 7h5a at
the contact with subdomains 8b and lla in Ophir Canyon {Figutre 1-1 and
3-1). This location is a thrust zome, characterized by the occurrence
of several local faults, brecciation, mineralization {quartz vein),
serpentinite, and lithic sund structural discordance. Here, bedding and
cleavage are deformed by sinusoidal folds and are cut in many places by
iocal faults. The apical angles of these folds have a bimodal distribu-
tion indicating open and close folds (Ramsay, 1967) (Figure 3-2la). The
majority of the folds have amplitude and half-wavelength less than 6 ¢m

{Figure 3-2ib,c}.
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Figure 3-22a sets ocut the orientation of bedding and coplanar Fl

cleavage in F2b folds in subdomain 7h5a. Poles to both planar elements
distribute approximately om a great circle with large spread, indicat-
ing & .folding event younger than isoclinal Fl foiding. The poles to
homoclinal bedding and cleavage, where F2b folds are absent, do not lie
on the F2b phase bedding girdle. Figure 3-22Zb ghows the orientation of
the axial planes of the Fla folds. The distributiom is approximately a
great c¢ircle subparallel to that of the poles to cleavage and bedding,
indicating homoaxial rotation of the folds., Figure 3-22c depicts the
orientation of fold axes (bxb) and hingelines of the F2a folds.

The presence of local faults cutting across these folds, the
oceurrence of these folds at the packer boundaries and in faulted
blocks that are rotated relative te homoclinal bedding and cleavage
where #2b foids are absent, and their deformed attitudes, suggest that
F2b folds are syn-thrust structures. At this thrust zoune, smaller scale
kink folds occur in unrotated orientations, indicating that F2b folds
are older than the kinks. These constrain the relative age of F2b folds
between F1 and kink folding. Thgir telationship to F2s folds in not
clear; they were probably formed either synchronously or in different
increments of the same syn—thrust deformation (D2).

There are twe alternmative ways to explain wvhy homoclinal ¥l
cleavage and bedding do not tie on ¥F2b girdle (Figure 3-22a): 1) blocks
of F1 structures were first rotated, for example due to faulting, from
their initial homoclinal orientation, and then deformed into F2b folds,

2} Fl cleavage and bedding were first deformed by F2b fcolds and then
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Figure 3~22. Orientation data of F2b folds in domain 7h3a.
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rigidly rotated 80 as to remove the homoc¢linal Fl orientation from the

F2b girdle.

The structures depicted on Figure 3-22 are both for § and Z F2b

folds; Z folds are the dominant type. Hingelines of the Z and § folds

are non-parallel as a result of their dJdifferently oriented axial

planes., The distribution of short and long limbs of the § and 2 F2b

folds shown on Figure 3-22a can be explained by homosaxial rotation of

the folda, as suggested by the orientation of their axial planes, such

that initially differently oriented short limbe of § and Z folds would

aggume subparallel attitudes after refolding. A model of formation of

these folds is given in Chapter &,

3 folds

¥3 folda include kinks and sinusoidal folds in siates and chert

interbeds, respectively. These occur in domains dominated by D! slaty

cleavage such as 7h5 and 12 (Figure 3-1) and are younger than F2a and

F2b folds in Ophir Canyom for the reasons to be discussed.

Kinks are straight limbed momoclimes with angular hinge zone

between paired subparallel axial planes or kink planes (Ramsay, 1967,

Verbeek, 1978; Rousell, 1980) (Figure 3-13). They occur in very thinly

layered rocks with well developed planar anisotropy Such as slates and

in sets with either individual or intersecting orientations. Experi-

wents on cards and foliated rocks (Borg and Handin, 1966; Patterson and

Waiss, 1966; Donath, 1968; Weiss, 1968; Anderson, 1974; Gay and Weiss,

1974), theorstical work (Ramsay, 1962, 1967; Dewey, 1965, 1969; Weiss,

1968, 1980), and field studies {Andersom, 1964, 1968; Clifford, 1969;




LL = long limb
SL = ghort 1imb
AP = axial plane
AT = axial trace

L = length between two hinge lines
aeasured perpendicular to hinge
lines

5 = length on profile plane
perpendicular to axial traces{Amp)

H = length along axial trace between
two hinges, measured on profile plane

Figure 3-23, Geometery of a kink fold, showing limes and
angles measured in the field.
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Fysom, 1968; Roberts, 1971; Hebson, 1973; Kaha and Halyburteon, 1974;

Tobisch and Fiske, 1976; Verbeek 1978; Rousell, 1980) contributed to an
understanding of the kinematics of kink folding and developed models of
nucleation and growth of kinks. Geowetric measures of kinks are shown
on Figure 3-23.

The orientation and geometry of F3 kinks and related sinusoidal

folds ({see below) were gnalyized in domains 7h5, 9, and 12, to deter~

mine the kinematics of this phase of folding and mechanism of kink for-

mation and growth according to {wo simple wmodels. The results are dis-

cussged io the following sectiona.

Domain 7h5

Siates of this domain (Chapter 2) are abundantly kinked (Figure

3~24). The kinks are continuous in places along their axial planes with

sinusoidal folde# in chert interbeds. The ¥3 ginusoidal have half-

wavelengths of 0.5 to 2.0 meter. These larger folds contain smaller (by

a factor of 10) coaxial kinks and{or} sinusoidal folds on their short

limbs. The other main structure in this domain is a macroscopic ¥2a

fold that divides domain 7h5 into subdomain 7h5a and 7h5b {Figure 3~

18). Individual and intersecting 8- and Z-shaped (down-plunge view)

kinks are distributed geographically in different parts of these sub-

domains as shown on Figure 3-18,

Orientation data of § and Z kinks and related larger sinuscidal

folds in subdomain 7h5a are plotted on Figure 3-24 and summarized on

Figure 3~25. The hingelines of the Z-shaped kinks define 2z NW trending,

moderately plunging maximum spread in a partial girdle that ranges
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Flgure 3-24. Orlentatlon data of F3 folds in domain 7h5a.
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between N25°E and N75°W. All sinuscidal folds in this domain have 2

asymmetry aad approximately the same orientation as 2 kinks except for
their short limbs. Hingelines of the § kinks define a &W trending,
moderately plunging maximum on axial surfaces that gemerally strike NE
and dip steeply SE. The long limbs are the only fabric element that
are parallel among S and Z kinks.

NE and SE dippiang kinks (Z and 8§ kinks, respectively} do occur
together in rare exposures as small as l square meter and are referred
to a8 intersecting kinks (Figure 3~26b)}. Orientation data of six inter-
secting kinks in subdomain 7hSa is shown on Figure 3~26a. The average
intersection of the § snd 2 kink planes is nearly perpendicular to the

hingelines of both $ and Z kinka. The fabric elements of the intersect-

ing 8 and I kinks are parallel to these of the § and 2 kinks that occur

individually (compare Figure 3-25d & 3-26a). The permissible range of

the maximum principal compression (Z) zesponsible for the formation of

the kinks can be approximated using the following procedure.
Maximum compression lies within 5° of the long limb cleavage for

conjugate and between 10° and 15° for individval kinks, aad 45° to 65°

from the mean kink planes {Andersom, 1964; Patterson and Weiss, 1946;

Donath, 198; Ramsay, 1967; Kleist, 1972, Gay and Weiss, 1974). Thae
loci of all lines 45° to 60° from the average kink planes define small
cireles centered at 45° to 30° about the poles te the kink planes.

Similarly, the loci of lines that are 0% to 15° from the cleavage

define swmall circles centered arcund the poles to these cleavages.

These elements are plotted on Figures 3-25, 3-26, 3-28, and 3-32, and

e L RS W B e ARt B . . e A R Tt Rk R be ok ae
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the regions where beth conditions are met are shaded to define possible

positions of Z axis. In domain 7h5, the resolved 7 axes plunge wmostly

55W, W, and NNV for both the individual and intersecting kinks.

Figure 3-27 depicts the orientation of F3 folda in subdomains
7h5bl and Th5b2, on the east dipping limb of the F2a macroscopic fold
in Ophir and Wiscomsin Canyons (Figure 3-18). The orientation of an
interseeting set and individual kinks and their corresponding fields of
Z in eubdomain 7h5bl, located at the hinge zome of the macrofold, are

shown on Figure 3-28a. Here, the intersection of the § apd 2 kink

planes of the intersecting set is close to cleavage and is subparallel

to both the 3§ and Z hingelines. Figure 3-28b plots the orientation

data of § kinks in subdomain 7h5b2Z where hingelines and axial planes of

these kinks parallel those of the Z kinks in subdomain 7hSa (Figure 3-

25a}.

Kinks are differently oriented in the southern part of domain 7h3a

compared to the rest of this domain (Figure 3-29). This distribution

can be explained by deformation dus to the latest motion along the Gol-

conda thrust (see the Goleconda thrust zone).

Domain §

Einks are oriented differently in this domain which is dominated

by a well foliated sandstome and conglomerate {Figure 3-30}. The south~-

ern part of this domain is close to the Goiconda thrust (Figure 3-1),

and jncludes F3 orientations with steep hingelines that wmay result from

retation as in the southern part of domain 7h3a. However, steep kink

planes and cleavage are probabliy the reason for the steep plunge. This
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Figure 3-29, Orientation data of kinks in the southern
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is supported by the fact that bedding and cleavage are not differently

oriented close to the Golconda thrust from other parts of this domain.

Domain 12

The main strecture of this domain ia a NW striking vertical slaty

cleavage that parallels bedding in chert (Figure 3-4}. Rinks and miner

sinusoidal folds in cleavage and bedding occur in this domain though

not as commonly as in domain 7h5. Figure 3-31 shows the orientation of

g gnd ¥ kinks and gsinusoidal folds in domain 12. Figure 3-32a and 3-32b

set out the orientation of intersecting kinks and their corresponding 2

axog and of individual kinks at two locations in domain 12b. Here, Z

axis is differeatly oriented compared to that in domain 7h5a but is

similar to that in domain 7h5bl. The modal clesvage is approximately a

aymmetry plane with respect to all the fabric elements of S and Z kinks

(Figure 3-32c¢). Comparing Figures 3-31 and 3-32, § send I sinugoidal

folds have identical orientation to the kinks with corresponding asym-

metries, indicating, as in domain 7h5, that they were formed synchro-

nously. The wuajor difference compared to the intersecting kinks in

subdomain 7hSa is that the intersecting S and Z kinks in dowain 12b

have parallel hingelines. § kinks in subdomain 12a plunge moderately

§W (Figure 3-33) most probably because of different orientation of

¢leavage in this subdomain.

Discussion

Kinks have different attitudes in different domaine. Ian dowain

7h5, orientation of kinks is a funection of their position relative to
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the macroscopic FZa fold. In the lower limb of this fold, im domain

7h5a, orientation of the intersecting and individual kinks with
corresponding asymmetries are identical, indicating that they are of
the same generation. On the wupper limb in subdomain 7h5b2, all the
kinks a;e S-shaped and have nearly similar orientation as the Z-shaped
kinks in domain 7h5a. The intersecting $ and 2 kinks im domain 7h5bl
have the same attitude as individual S and 2 kinks. Here, § and Z
hingelines are subparallel, and Z kink planes are differently oriented
compared to those in dowmain 7h5a. The southern part of domain 7h5a is
characterized by deformed kinks due to a latest wotion alomg the Gol-
conda thrust (see the Golconda thrusat zome). Kinks in domains 12b and
7h5bl have similar orientation in contrast to those in other domains of
packet 12 and 7.

The following sequence of events becomes apparent from the
analysis of shortening directioms during kink folding in different
domains. The parallelism of the shortening axes in the upper and lower
limbe of the macrofold {domzins 7h3b2 and 7hSa) indicates that kinks in
these domains were formed simultaneously due to a westly plunging shor-
tening after the macrofold was formed. This is supported by the incom—
patible sense of down-plunge asymmetry of kinks in both iimbs if they
are parasitic to the macrofold. During this phase of deformation, the
orientation of cleavage in domain 7h5bl and in packet 12 were at a high
angle to shortening such that kinks could not be formed. A younger
episode of N-5 shortening generated kinks in the appropriately oriented

cleavage in differeat domains., S$cutherly plunging shortening formed
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conjugate kinks in demainm 7hSBl and packet 12 because it was at a low

angle (less than 15%) to clegvage in these domains, The nertherly
plunging shortening in this episode of kink folding resulted in
cleavage-psrallel alip in domain 7h5a as it was subparallel to the
strike of the cleavage in this domain., This resulted in rotation of the
axes and axial planes of the previcusly formed Z-kinks, probably by
heterogenecus simple shear, as evidenced by the large dispersion of

these fabric elements compared to the almost constantly oriented

¢leavage in this dowain (Fig, 3-25a),

Gegmetric gnalysis of kinks

Two main models have been proposed for kink formation through
experimental and theoretical work: Kimk rotation {Donatk, 1968; Clif~
ford 1968; Rousell, 1980) and kink migration {Pattersom and Welsas,
1966; Weiss, 1968; Gay and Weiss, 1974), Iz the follewing paragraphs

these models are discussed, followed by analysis of the results of this

study.

HMIGRATION HODEL - According to this model (Figure 3-34a),  kinks

nucleate at a point or line and grow both parallel and normal to the
kink plane. The orientation of kink plane relative to <cleavage is
fixed during growth, but their line of intersection migrates as kinks
develop. Assuming no change of thickness of cleavage (flexural slip),
angles d and § remain equal and constant. Gliding on foliation in the
kinked sector is the only mechanism of deformation. In term2 of linear

and angular parameters, this model requires d = ¢ and variable L for

all the kinks,

L =
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ROTATION MODEL -~ This model (Figure 3-34b, 3-35) assumes thet the

distance between kink band boundaries is fixzed during deformation and
that the short limb is hinged at the boundaries of kink bands and
rotates. This leads to a decrease in $ and an increase in . Several
mechanis;s such as gliding on cleavage, cataclasis, and dilation
operate in the short limb. As long as the resolved shear stress along
cleavage in the short limb is greater than frictional and cohesive
resistance to gliding, rotation of the short limb continues. Claavage
in the short limb separates during rotation leading to dilation and
digsolution of soluble winerals. Dilation, measured by increasa of
thickness in the short limb, is a aine function of angle ¢ (Figure 3-
35, ZRousell, 1930), and thus is maximum when @ has decreased to 90°
(Figure 3-35b). Thereafter, thickness of the short limb decresses as ¢
becomes less tham 90° approaching the value of d as rotation continues
(Figure 3-35¢). Asasuming flexural slip, that is, slip between laminae
in the short limb is the only deformation mechanism and the thickness
of laminae in the lomg and short limbs remain equal, Ffurther rotation
of kinks is not possible when d=B, and the fold becomes locked (Figure
3~35¢) (Verbeek, 1978; Rousell, 1980). Therefore constant L, variable

d, and $, and dilation in kinks characterize the rotation model.

Results

The distribution of all the parameters measured for kinks iz shown
on Figure 3-36 and 3-37. Among angles, < has the lowest variation
(Figure 3-36a), J the highest {Figure 3-36c}, and §, intermediate (Fig-

ure 3-36b). d and § are equal for most of the folds since ({ - §)
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averages 0 (Figure 3~36e). o is larger than € for kinks with L greater

than 3 cem (Figure 3-37a, b},and they are about equal (i.e, kinks are

sympetric) for kinks with L smaller than 3 cm (Figure 3-37a,b,h). As

P decreases, o increasea until folds become symmetric. This pattern

continues until folds become asymmetric with high < and low $ (Figure

3-37£, ). 7 (180~ (d + 8)) is very variabie for kinks with L less than

3 cm and is less variable as L increases (for the given population)

(Figuze 3-37c¢).

L ranges between 0.25 and 5.75 em {Figure 3-36£). Defining (d -

§) as & symmetry index for kinks, such that perfectly eymmetric kinks

have {(d = $)»0, the kinks have high symmetry when d is between 60° and

80° (Figure 3~36e and 3-37£), The symmetry is uncorrelated with the

apical amgle, suggesting that it can be achieved at any angle of d and

¢ (Figure 3-37g). The size of the kinks is shown on Fig. 3-36f, g,

and h, All dimensions of kinka are less than 7 em. Amplitude of kinks

has a weak positive correlation with L (Figure 3-37e¢) and is constant

for different values of ) (Figure 3-37i).

Joints parallel to kink plames cut discordently across short limbs

of kinks with @=90. Very low smplitude small kinks alsc oceur on the

short limb of the kinks (Figure 3-38b). d is variable for kinks with

$=90° {(Figure 3~37i). Kinks with €= have fine cracks on their long

limbs ¢lose to the kink planes, possibly as incipient kink planes and

indicating wmigration (Figure 3~34a) of kink boundaries by extending

their short limb into the lomg limbs (Figure 3-34b}.  Thin sections

made from small kink bands indicate high concentrations of iron oxides




Figure 3-38, Phatographs of kinks showing axial plane cracks
and fractures, as well as small kinka {n the
shore limb of kinka.
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on the short limbs, probably as residue after soluble minerals were

removed due to dilation on this limb. Rink bands terminate both by

convergence of kink boundaries and gradual decrease in amplitude.

Subequal o end  for the majority of kinks of variable length (L)

and apparent lengthening of their short limb by extending into the long

iimbs (Figure 3-38a) probably support the migration model for nuclea-

tion and growth of the kink bands in the atudy area. However, thig

model can not explain the presence of the small kinks in the short

linbs of the larger kinks when §=9Q° , nor can if explain dilatien in

the short limbs. These can be better explained by the rotation model.

Incomplete evidence of both models exists in the kinks of the study

area. It is possible that different growth pattern described by these

two or other models <(see for example Verbeek, 1978), may operate at

different times and conditions during pregressive deformation.

Tectonic fabric at the Golconda thrust zone

This zone includes the basal part of packet 7 at Ophir Canyon,

imnediately above the Golconda thrust. Mescscopic folds cut by faults

occur at this area. The folds occur only sdiacent (commonly less than

50 cm) to faults and are lecally cut by them, suggesting that the two

structures are either contemporaneous or that the fault is younger.

Figure 3-39 shows the orientation of the folds and associated fgults in

three different locations in this zone. Although one 1is conjugate,

folds have Z and ENE vergence (Figure 3-3¢b). Axial planes are at low

angles to the associated faults, The intersection of the faults and

axial planes is subparallel to the hingelines at each locatiom. Using
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Figure 3-39, Orientation data of F4 folds and associated faults in the Golconda
thrust zone.
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the method of Figure 3-40, slip directions for these faulta are approx-

imated assuming that the faults and folds are contemporanecus. The
directions trend westerly; two of these indicate thrust, and one is
normal., They are subparzilel to scome striations on the fsults at the
Golconda thrust (Figure 3-41), supporting the validity of the sassump—
tionsa of the model directions. Local fauits at the Golconda thruast dip

moderately W. This and slip directione in them indicate that faulted

blocks moved both wup and down relative to the west dipping Golconda
thrust in different parts of the thrust 1leading to both normal- and

reverse faulting.

Kink folds occur in the Golconda thrust zome. The orientation of
these folds in the northern side of Ophir Canyom is about the same as
kinks in domain 7h5a farther from the thrust (Figure 3-24, 3~25, 3-42).
Kinks at the thrust zone in domain 8 and southern part of domain 7hja,
however, have rotated attitudes (Figure 3-43a). Figuzre 3-43b is a syn-
thetic £sbric diasgram of a Flexural slip model showing the effect of
the Golconda thrust on kinks at the thrust zone south of Ophir Canyon.
In this model, orientation of the S kinks in subdomain 7h5s, being far
from the thrust, is taken to be the initial attitude. These are rotated
about an axis parallel to the intersection of the axial planes and
cleavage in subdomain 7h5a and the Golconda thrust. The good fit sug-

gests that kinkse are older than the latest reactivation of the Golconda

thrust,
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Assumptioas:

1} fold is formed duving faulting

2) strain ds planc such that both
fault and axial plane are normal
to the XZ plane,

3) the axial plane is normal to Z.

Procedure:

Slip parallels the intersection of
the XZ plane and the fault.
Slip direction is determined on the
XZ plane assuming that the fault is
formed at 45 to the Z axis.

Figure 3-40. A method to determine slip direction using axial plane of a fold and associated

fault.
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Assumptions:

1} fold is formed during faulting

t\\\\\\\\\\\\\\\\d 2) strain is plane such that both
ek F ol T I 1 T 1 - -
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Figure 3-42, Orientation data of kinks in the Golconda
thrust zone.
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Tectonic fabric in packet 9

Packet 9 contains lower Paleozoic (?) rocks that are included in
structural subdomain 9a, and upper Paleozoic (?) sedimentary breccia
(t3) in subdomain 9b. The orientation of deformed tabular clasts in the
sedimentary- breccia in subdomain 9b is shown on Figure 3-44. These are
oriented similar to bedding and cleavage in domain 9a in packet 9 and
te those in upper Paleozoic packets of the Golconda allechthon. The
lower Paleozoic (7) rocks in subdomain 9a coutain tectonic fabrics
which differ in part from those of subdomain 9b and other domains of
the allochthon. Two generations of cleavage exist in dowain 92 (Table
3-2, Figure 3-45, and 3-49): one (51} is parallel to bedding and is
penetrative, and the other is a sporadic and weakly develeped spaced
cleavage (83) oblique to bedding and the first cleavage. The 81
cleavage is folded by chevrom, conjugate, and other types of folds
(F2a} and shows large variations in attitude. The folds have sharp to
curved hinges, straight to curved limbs, and apical angles ranging
between 40° and 140° (Figure 3-46a).The amplitudes and half~wavelengths
of these folds range between ] and 70 cm with a mode of less than 20 cm
(Figure 3-46b,c).

Although there are not evident superposed folds, the variable
orientation of the axes and axial planes of these folds indicates mul~
tiphase gensration and (or) heterogeneous strain for the reason to be
discussed. In areas of 20x20 meters, the orientation of all the fabric

elements varies significantly. Two such exposures were studied in

detail (stations 146 & 147) about 40 meters apart, and in each, piece~
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Figure 3-44, Orientation of tabular clasts and bedding
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Figure 3~47 . Orlentatien of folds in station 146 of domzin 9a,
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wige cylindrical folds were measured. Figure 3-47 shows the fold struc-
tures in different parts of station 146. In each position at this sta~

tion, poles £o bedding and axial planes lie on great circles with zomnal

axes parallel to the hingelizes and axes of the folds. This suggest

either nearly homoaxial refolding, fanning of the axisl planes, conju~

gate geometry, or a combination of these. The contimuous girdle of

axisl planes makes fanning and conjugate geometry unlikely. However, a

perfect box was recorded at station 146, indicating that some folds nay

be conjugate, Folds with S and 2 asymmetries occur with symmetric

folds ¢lose to one ancther in distances of few meters at this station.

Orientation data of folds at station 147 are depicted on Pigure

3-48. Hexe, the asymmetry of these folds varies inm distances of 1 m.

Hingelines plunge shallower and are oriented differently over a more

continuous girdle compared to those at stationm 146. Azial planes, like

146, spread similar to bedding, though over different girdles.

At both statioms, hingelines and fold axes of different asym-

metries spread over their entire girdle. The composite disgrams (Fig=

ure 3-47 & 3-48} of all the folds at stations 146 and 147 show that the

local bedding and axial plane girdles have nearly colinear intersection

that parallel the normal to the girdle of the hingelines and axes in

each station,

The tectonic fabric in packet 9 is different from those in upper
Paleozoic packets because of 1) their deformed folds which except for
the rotated F2b folds do not exist in the Goleonda allochthen, and 2)

their second generation spaced cleavage, The orientation of the Si
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¢leavage in packet 9 is similar to that of Sl cleavage in many upper

Paleozoic packets. The spaced cleavage, 83, on the other hand, although
subparallel to some S1 slaty cleavages in upper Paleozoic packets, is
abgent in _these packets, It is quite likely that at least §1 cleavage
in packet 9 is of pre-Golconda age, and formed by the deformation asso-
ciated with the Antler orogeny, because it ia parallel to isoclinal
bedding in chert and limestone interbeds of probable early Paleozoic
age.

The relationship of S1, 52, and 53 are schematically shown on Fig~
ure 3-49, 83 is about mormal to both the hingeline girdles at stations
146 and 147 (Figure 3-45, 3~47, and 3-48), indicating that it was not
formed with ¥2a fold and probably is the youngest structure in packet
9. Figure 3-49 explains: a) abrupt change in the asymmetry of the

v

folds, b) curvilinear orientation of hingelines of the § and Z folds at

different substations that wher combined, display great circie distri-

bution at both stations, and ¢) parallelism of bedding and §2 girdles.

Tectonic fabric of the Diablo Formation (Pd)

The autochthonous Diablo Formation lies above deformed lower

Paleozoic rocks and below the Goleonda thrust in Last Chance, Ophir,

and Wisconsin Canyons. The Golconda thrust above the Diasblo is defined

by the occurrence of carbonatized and fresh serpentinite and a sharp

structural and lithological bresk. Unlike deformed beds immediately

above the thrust, the Diable Formation is homoclinal and is not

affected by the microscopic F2a fold in Ophir

Canyon ({(Figure 3-50).

Foliation is the prevalent structure of Diable and is defined by the

j
|
i
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Figure 3-50. Orientation of bedding and cleavage in nuthochthonous Diable Formation.
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preferred orientation of tabular clasts of chert that lie paralliel and

subparalliel to bedding (Figure 3-50). The clast shape and orientatiom

is tectonic because their tabularity parallels an anastomesing folia-

tion in the matrix and because their aspect ratio is too great to be
sedimentary. Bed are upright and dip W, the facing of which is recog-

nized by graded and <cross beds and erosionsl surfaces between chert

conglomerate and calcarenite {Chapter 2).

Hesoscopic folds exist im the Diable Formation, At the contact

with pelites of packet 7 of the Goleonda allochthon, a clags 1B fold

occurs in well-bedded fine~grained sandstomes of the Diablo formation.

Orientation data of this fold is given on Figure 3-51. The fold is igo~

lated halfvave and exists only in the hanging wall and within 50 ¢z of

a fault. Using the method described on Figure 3-40, slip direction on

the fault is calculated. Because the resolved slip is perpendicular to

the axial plane (Figure 3~51), the fold could not have formed during

the faulting and rather is older as it is cut by the fault.

Disharmonic folds are common in the interbedded medium to coarse-

grained calcarenite and fine to medium grained calcareous sandstones of

the Diablo Formation ot the southern side of Cphir Canyon. These folds

are most probably soft sediment structures because they are single

haifwaves which die out in less than & meter and are bounded by

unfolded beds with depositional contact. Hingelines and axial planea

of these folds are very much spread with no systematic distribution

(Figure 3-52).

The stroug foliation in the chert conglomerate of the Diablo For~
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mstion can be attributed to the emplacement of the Golconda allochthon

or to intrusien of the Ophir pluton {Tgr). The rocks of the Diablo For-
mation are thermally metamorphosed as indicated by tke presence of mar—
blea. Although there is not an evident gradient in foliation develop~
ment with respect to the Golconda thrust, the subparalielism of bed~
ding, foliation, and the Goleconda thrust and other faults (Figure 3-50
and 3-41b), favor the ides that foliation was formed after the allo-~
chthon was emplaced, most probably due to loading by the upper plate.

An  age younger than the Golconda thrust for the foliatiom is further

suggested by its howoclinal attitude, in contrast to the intensely
deformed gllochthonous packets in the Golconda allochthon and underly~

ing lower Paleczoic rocks. Although there is no clear increase in foli-

ation developmeat toward the pluton, younger intrusion of the Ophir

pluton as the cause of formationm of the foliation can not be ruled out.

Tectonic fabric of the autochthonous lower paleczoic rocks

Autochthonous lower PFaleozoic rocks occur below the Golconda

thrust and the Diablo Formation, They were at least deformed before

depogition of the Diablo Formation. At Cphir and Wisconsin Canyous,
tabular clasts in the lower Paleozeic sedimentary breccia form a folia=
tion by their piarar orientation. The foliation originated by flatten—
ing indicated by folds ir quartz veins that have axial planes parallel
to these clasts., Bedding and cleavage in these rocks are parallel and
mostly dip shallowly to wmoderately W, SW, and KE, and strike between NE
and KW (Figure 3~33), These planes have similar orientation te those in

upper Paleozoic packets and in packet 9. Although only one bedding is
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ghown on Figure 3-53, bedding and cleavage are parallel in interbedded

chert and pelite, and define probably isoclinal first folds. Bedding

Intzodud

and cleavage are deformed by chevron folds in Sumwmit Canyon.  This,

51

their early Paleozoic age, and the fact that they are unconformably

conda a.
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Strain analysis

Introduction

Slates and thin sandslones of upper Paleozoic packets of the Gol-

conda allochtbon such as 7 and 12, include a penetrative foliation that

is defined by planar orientation of micaceous minerals and flattened

quartz and chert grains. The foliation is a Dl structure because it is

parallel to the axial planmes of F1 isoclinal folds and because it is

cut by D2 thruats and folded by ¥2 and F3 folds (Table 3-1)., Quartz and

chert grains are elliptical in sections perpendicular to foliastion and

have large axial zatic of up to 13, The average long axis in these gec-

tions is within 3% of the trace of the foliation. The aligmment of the

grains is interpreted to be at least partly tectonic because their

axisl ratios are too large on perpendicular sections and too low in

foliation parallel sectioms to be sedimentary.

In this section, strain in general and strain of elliptical grains

in particulay are discussed, followed by a discussion of the results of

strain measurement in the study arsa.

Theory of strain of elliptical grains

Finite strain of a rock represents the sum of all incremental

deviatoric strains, volumetrie straina, and rotations that can vary in

orientation and magnitude with gach increment. .Generally, deformation

is a continucus process that includes a series of successive incre-

ments, superimposed non-coaxially in different stages (Flinn, 1962;

Ramsay, 1967; Durney and Ramsay, 1973). In a grain-matrix system with
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a well developed slaty cleavage, grains may have rigidly <zotated and

{or) c¢hanged shape during each increment of deformatiomn.

All strain determinations in deformed rocks are based on using one
or more of the following: 1) lines of known original lemgth, 2) lines
of known original relative lemgth, and 3) initial angle wmads between
intersecting 1lines (Ramsay, 1967). During deformation, both the length
and angles between intersecting lines change. The change inm lemgth can
be measured using extension ( e }, defined by the ratic of the change

in length and criginal length (Eqn, 3-1) (Rameay, 1967, p. 52).
e = (1-lc)/lo (3-1)

where 1 is final length and lo is the original length. Quadratic elon-
gation ( A ), defined by Equation 3-2, is commonly used in strain stu-

dies for lomgitudinal strains.
Aw (17102 = (14e)? (3~2)

Another measure of geological strain is logarithmic or aatural strain

which is defined by Equation 3-3.

e = In (l+e) (3-3)

A measure of change in angle is given by shear strain ¥, defined by

Equation 3-4,

J = tang (3-4)

where ¢ is the deflection from perpendicular of two lines which were

eriginally at 90° to one another.
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To better visualize the geometric effects of strain, deformation

of an original sphere with unit radius is considered in rocks., After

strain, this sphere becomes an ellipsoid, the finite strain ellipsoid

{Ramsay, 1967). The three principal axes of this ellipsoid define the

priﬁcipal longitudinal strains, (1+e1) > (1+ez) > {1+33), with qua=-
dratic elongations ) 1> A 2) by a0

In geological problems, unfortunately, the original lemgth (lo} is

unknown, and lines are generally not initially perpendicular, there-

fore, rather than actual extensions along the axis of the straim ellip-

goid, their ratics are calculated. Volume chaunge can not be computed

also without actual extensions.

To calculate shape and orientation of the atrain ellipsoid in

deformed rocks, the commou procedure ia to caleculate two dimensiocnal

sactions of the ellipsoid (strain ellipse) on two or three sections of

the rock and then combining them to find the three dimensional strain.

Among strain markers in rocks, the shape and orvientations of

deformed ellipticai grains io slate, sandstome, and conglomerate have

been used extemsively to wmeasure strain (Flinn, 1956; Hobbs and Talbot,

1966; Ramsay, 1967; Gay, 1968a,b, 1969; Hossack, 1968; Dunnet, 1569;

Eliiott, 1970; Dunnet and Siddans, 1971; Mukhopadhyay, 1973; Gay and

Fripp, 1976; Hitra, 1976; Tobisch and others, 1977; Oertel, 1978; Chap-

man and others, 1979; Lisle, 1979), The question continuously arises

as to whether the strain measured using these graina represent the bulk

strain, The final grain shape after deformation depends on several fac-

tors: 1} initial grain shape, 2) initial grain orientatiocm, 3) ductil-
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ity contrast between grain and wmatrix, 4) orientation, amount, and

axial ratio of deviatoric strain, 5) volumetric strain, and 6) incre~
mertal rotations. Methods designed for strain analysis are only capa~
ble to consider part of these facrors and therefore involve some degree

of uncertainty. The following is a brief analysis of these faciucs.

Initial shape ~ Sphere and ellipse are the two simplest shapes which
are commonly assumed for graing in undeformed rocks. The only proof of
initial shape is the exisfence of equivalent undeformed rocks and any
assumption of original shape contributes an error. It is only for
spherical grains, deformed homogeneously with their wmatrix, that the
strain measured from the grains is the same as the bulk finite strain
(Cloos, 1947, 1971; Ramsay, 1967; Elliott, 1970). However, strain mark-—
ers are seldom originally spherical, and this is among the reasons why
initial elliptical shapes are more frequently assumed and different
techniques have been developed. Fortunately, there ere some two dimenw
sional methods, for example Rf/4 and polar graph {Appendixz I}, that can
estimate initial eccentricities of the grains. Others, such as method
of Robiu (Appendix I) work for grains of any shape. The error gen-

erated by ignoring original shape is large (Hossack 1968),

Initial grain orientation -~ The inritial angle between the long axiz of

an elliptical grain and the finite deformation axes contrels the sccen—

tricity of the grains during deformatiom. In cases where the long axis

of a grain is parallel or perpendicular to the long axis of the strain

eilipse, the grain becomes longer or shorter, respectively, depending

on
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on the axial ratio of the grain and strain ellipse (Ramsay, 1967;

Elliott, 1970)}. On the other hand, i1f elliptical grains are at other
angles to strain axes, they will deform both by rotation and change in
shape (Gay, 1968a). Originally non~spherical grains can have either
random or non-randem orientations, Truly randow orientations are rare
in sedimentary rocks (Griffith, 1967; Eliiott, 1970). Despite this,
random orientation is assumed in many cases (e.g. Ramsay, 1967; Dunnet,
1969; Gay, 1969; Shimamoto-Tkeda, 1976; Robin, 1977). Original non-
random orientations are more common and include linear (unimodal) and
planar preferred orientations (Eliiott, 1970; ©Dumnet amd Siddans,
1971). Methoeda such as R£/§ and polar graph (Appendix I) have been
designed to estimate the non-random distributions. The error contri-

buted by ignoring inmitial oriemtation can be significant,

Ductility contrast between grains and matrix - Ductility is a measure

of rheclogical condition of the deforming material and is approximately
equivalent to the reciprocal of viscosity; more ductile materials are
less viscous (Gay and Fripp, 1976). When the ductility of grains is
lesa than that of the aurroundiné matrix, grains undergo a component of
rigid body rotation during deformation of the grain—matrix system. This
leads to superimposition of differently oriented ineremental strains on
graing that deform as they rotate (Ramsay, 1967; Gay, 19684&b; Hossack
1968; Gay and Fripp, 1976). In this case, the bulk strain in the matrix
way be irrotational and differsnt from the strain in the grains. It is
a common practice to assume that the duetility ratio of grains and

watrix  is 1, and therefore to take the grain ellipse as a
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representative of the bulk strain ellipse. Gay (1968a4b} examined the

behavior of non-rigid viscous elliptical grains during pure shear and
circular grains during simple shear in a viscous matrixz. He found that
during pure shear, if the major axis of an elliptical particle and that
of straiﬁ are not parallel, particles change shape and rotate toward
the direction of extension (X), the rates of which decrease if vigcos—
ity ratio of particles and matrixz (R) increased, Elliptical particles
parallel to pure shear axzes, oaly change their shape depending on the
viscosity ratio (R}; if R{l, particle changes shape more rapidly than
the pure shear strain ellipse; if R = 1, particle and strain ellipse
are equivalent; if R}, particle changes shape more slowly than the
strain ellipse. If circular grains are deformed by simple shear, they
deform and rotste, simultaneously., Particles with low viscosity ratios
need larger shear strain than the wore viacous ones to -become parallel
to the X direction., More vigcous particles rotate toward shearing
direction quite rapidly.

Detrital rocks such ae sandatone gnd conglomerate may contain one
or more types of grains. Because different types of grains have dif-
ferent ductility with respect to the macrix, they will be strained and
rotate differently. Iacorporating shape and orientation of different
grain types of one rock specimen during strain measurement can result
in significant error if their ductility contrast is not taskem into
account {Gay, 1968a,b: Gay and Fripp, 1976). This problem is aveided by

using grains of ome type during measurement,

Yolume change during atrain - Rocks can undergo volume losa by
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compaction, migration of solid and pore water, snd demsification, which

can occur before or during deformation., Volume change is caused by the
mean normal strain, that is, the non~deviatoric component of strain.
Ramsay (1967), Ramsay and Wood (1973), and Wood (1974) have demon-—
strated that volume losses of up to 20% or more may be involved in the
deformation of lithified and unlithified rocks, respectively. Deforma-
tion plot 1is a two dimensiomal representation of the strain ellipsoid
on an orthogonal coordinate system with 1n ((1+e2)j(1+33}) as abscissa
and 1in ((1+ﬁ1)/(1+e2)) as ordinate {e.g. TFigure 3-67} (Flion, 19623
Ramsay, 1967; Ramsay and Wood, 1973). Spheres plot at the origin and
ellipsoids at the positive quadrant of the plet. If no volume change
occurred during strain, the line of unit slope, passing through the
origin of the plot, separates conmstrictional from flattening eliip-
soids, or in other words, ellipsoids which have their intermediate axis
contracted or expanded, respectively, However, if volume change did
oceur, this line no longer separates the two field, and rather divides
fields of apparent flattening below from the field of apparent con-
striction above it,

Comparing the densitiea of slate (2.7 - 2.85 grfcm3) and mudstone
(2.1 - 2.75 gr/cm3} that slates derive from, Ramsay and Wood (1973) and
Wood {1974) evaluated the significance of volume loss during formation
of slaty cleavage, Wood (1974) places an upper limit of 10Z for the
volume loss during formation of slate and shows that only small errors
are involved in ignoring volume change of this magnitude. However, he

mentions that if volume changes exceed 20% they must be considered. 1In
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rocka such as pelite end sandstone, matrix, being generally more com-—

pactable than graina, suffers a higher voiume loss during deformationm.

Orientation, amount, and axial ratios of deviatoric strain =~ The final

axizl ratio of elliptical grains in deformed rocks (Rf) is a function
of their initial axial ratio (Ri), deviatoric atrainm axial ratio (®s)
and orientation with rtespect to the long axis of the grains (g) asa

indicated by Equatios 3-5 (Dunnet, 1969, Eqn. 16).

cos2d = Ri (R£Z+1)(Rs%+1) 42 (Ri+1)Raxgf / &1 (REZ-1)(Re%~1) (3-5)

Equation 3-5 is applied to calculate atrain sxial ratio in methods of
two dimensional strain analysis such as Rf/d (Appendix 1) using final
axial ratios and ovientations of elliptical grains for given initial

grain ratios.

mis
Incremental rotations -~ At any successive stage during progressive met
deformation, the principal axes of incremental snd finite ellipsoids tio
are generally non-parallel except when deformation is irrotational. Str

This leads to superimposition of incremental distortion and rotation

over the established finite strain at that imcrement (Ramsay, 1967,

cht

1976; Ramsay and Graham, 1970; Durney and Ramsay, 1973}. The final str
|

shape of grains embedded in a rock undergoing a progressive deformation pou
is affected by the rotations and distortions at each increment. Grains obﬂ
elongated during previous increments may be contracted in later stages sam

of strain depending on incremental rotation {Ramsay, 1967, p. 114).
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#ost of the strain methods are two dimensional and are used on
thin sections, polished surfaces, photographs or natural surfaces in
the field. For thin sections, the errors depend on: L) the accuracy of
reading the occular scale and therefore determining length of the long

and short axes of the graing; although it is their ratio which is used,

the long and short axes, being independently measured, can involve cer-

tain error, 2) the aceuracy of reading the angle betweem the long axis

of the grairs and a reference line (e.g. the trace of cleavage), 3)

non~perfect ellipticity of the grains, leading to inaccuracy of reading

their asizes, 4) grain population, as it might not be statistically

enough to represent the whole rock, 3) the errer involved in each of

the two dimensional strain wmethods regarding the validity of their

agsumptions. In three dimensional methods, the major errors result from
wigsorientaticn of the sectional planes and the errors involved in these

methods because of the umcertainties concerming their basic assump~

tiona,

Strain meggurement im the study area

Strain was measured from specimens in packet 7 and 12 of the allo-
chthon because they contain slates and sandstones with elliptical

strain markers and include identical rock typee at differemt structural

positions rTelative to the Golconda thrust {Figure 2-1, 3-1, 3=5&), The

objective was to detect a deformation gradient if ome exists. Oriented
samples were collected from locations shown on Figure 3-54 where kinks

or other young structures are absent except for specimen O5L0 where the
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effect of an F2a fold on Dl structures was the cobjective of the

analysis. Other DI structures besides the slaty cleavage are boudins
and hingelines of ¥l folds in the interbedded chert and pelite of these
packets, The specimens were takesz from the planar regions where Fl fold
closures are absent.

Thin sections were first cut parallel to the cleavage in order to
detect the existence of microscopic lineations. Because grain shapes
are almost equant in these planes , three other oriented thin sections
were then made perpendicular to the cleavage, two normal te one another

and the third at about 45° to them. The orientationa of the sections

were plotted on a stereogram and the intersecticns of the cleavage and
thin sectiouns were determined (Figure 3~55 & 3~556). The trace of
cleavage or an arbitrary line was taken g3 reference in sections per~
pendicular or parallel to the cleavage, respectively. The 1length of
the 1long and short axes of individual elliptical grains and the angile
between the long axis and the reference line ($) were measured using an
pcular micrometer and a mechanical stage. Rf was calculated for each
grain as the ratio of its long and short axes. For systematic coverage
of the whole thin section and avoiding repetition, the survey followed
the grid of the mechanical stage. Because all the two dimensional
methods wused are statistical C(Appemdix I), they regquire a minimum
number of grains to be measured for their shape and orientation to
repregent finite strain. In this study, the number of the grains meas-—

ured on thin sections ranges between 70 and 108,




Figure 3-55 . Orientation of thin sections and calculated
principal strains in the oriented samples
in packet 7. Dash lines are thin sections.




Figure 3~36.

Orientation of thin sections and calculated
principal strains in the oriented samples

in packet 12. Dash lines are thin sections,
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Iwo~dimensional strain analysis

Several methods have been developed to caleulate two dimensioral
rock strain ratio given dimensions 2and orientation of elliptical
grding. The ones used for this study can be categorized into two
groups: i and II, The methods of both groups are iescribed in Appendix

I, and for simplieity, they are referred to by letters A through H.

Group I methods use arithmetic, geometric, and harmonic means of grain

axial ratios and the slope of a best fit lime on a long/short axis plot

to estimate strain ratio. The methods of group I do not take into

account the strain controliing factors mentioned in the previocus sec-

tion and assume that grains were initially spherical and therefore pro-

vide a lees valid approximation to the actual rock atrain than thosze of

group II, They, nevertheless, are simpler and faster to measure com—

pared to group 1I, and among them, the harmonic mean yields high qual-

ity resuits and therefore are used in this study. Group II methods, on

the other hand, include more sophisticated algebraic, graphic, and sta~

tistical methoda. Some of these are capable of evaluating the imitial

shape and orientation of the grains (Appendix I). Assuming that the

results of group II methods are more accurate, the error in estimating

the principal strainas by methods of group I can be measured relative to

the strain ratic determined by the wmethods of group II using Equation

3-6 (Lisle, 1977b).

% Error = (slope or wmean - Rs) / Rs x 100 (3-6)

where mean or slope is the result of any of the group I methods, and Rs

is
us

Te

fe

of

gen

ran
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is the strain ratio determined by methods of group II. The % error is

used to assess the quality of the results of group I and to find a

relationship between methods of the two groups.

Because each method takes different assumptions and provides dif-

ferent results, all were used for each of the 34 thin sections that

vere made f{rom 9 specimens in packets 7 and 12 . The objective was to

elucidate the effect of the sssumptions involved in each method, evalu-

ate the two dimensional strain by choosing the best results, find the

errors of group I methods with respect to the more exact methoda of

group 11, and approximate original shape end orientation of the grains.

Resgults

Table 3-3 sets out the results of all the metheds for the 34 thin

sectiong. A typical long versus short axis plot provided by method A is

shown om Figure 3-57. Because grains have finite size, a best fit iine

through the data points can =not have an intercept and therefore is

forced to pass through the origin as shown on this diagram. The slope

of this line i: wused in method A to estimate strain axial ratio. In

general, the short and long axea of quartz grainms in slate specimens

range between 0.003 and 0.112 mm, and 0.017 and 2.6 mm, respectively.

The chert grains in sandstones have their short and lomg axes in the

range between 0.028 and 1.2 mm, and 0.07 and 5.88 mm, respectively. For

all the grains there is a good linear correlation between their long

and short axes as is defined by v, the coefficient of gooduess of

linear correlation (Appendix I), indicating that the grains originally

bad almost constant initial axial ratio (Ri) and orientation. r is
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Group |
Arith. Geo. Harm,
m{ean mean mean
3,16 3.03 2.91
3.21  3.06 24794
3.29 3,16 2.93
Zeld 2403 1.95
3.86 3,48 .18
3.38 3.06 2.81
3.95 3,02 3.32
2.1 2.08 2.00
3.81 3.5% 3.27
3.31 3.0& 2.79
3,80 3,48 3.i7
2,18 2.12 2.08
G063 G416 3.9%
3,461 3,31 3.086
449 8,27 H.04
2.07 1.%7 1.87
3.23 3.28 3.11
3,58 3439 3.1b
3.53  3.37 3.22
2.52 2435 2.21
3.14 2.93 2.75
3,72 3.43 316
3.48 3.23 3.02
2+0% 2448 2,36
3.25 3.02 2.83
3,63 3.23 2.99
2.91 2.71 2.%52
2.58 2.39 2.36
3.52 3.25 3.02
3.20 2.99 2.82
2479 2.5)1 2.30
4.25 3,73 3.29
3.89 3.45 3.08
3.31 2.%8 2.72
Table 3-3.

Results of

Group H

Robin

Tkeda
2.90 2.91
2078 2,79
2,74 2.7
1,49 1,48
3.21 3425
Ze62 2a83
3,36 3.34
1,50 1.50
3,20 3.21
2.79 2.0%
315 3,14
1.63  1.40
3,82 3,85
3,07 3.08
3.86 3.87
1.28 1.25
2.85 Z.89
3,13 3,13
2,16 3,17
1,53 1.47
2.59 2.58
3,03 3,00
2.6) 2.77
.62 1.5%
2466 2,63
2,75 2.72
2.29 2,25
2,08 2,08
2.7L 2469
2.56 2,53
1,18 1.25
3,14 3.1%
3415 3.17
2.63 2.69

(Rs)

Shim. Tobisch iolst

2+72
2.69

2460
l.42
2.85
2,50
.18
1.47
3.08
2409
3,01
1.58
3,69
2,89
3.71
1.22
Z2.72
Za04%
297
1.49
2.50
2.92
2.23
1.58
254
2. 70
2420
2.01
2.70
2.%0
1.22
3.11
3.01
2.55

two-dimensional strain

RESG

2472
2.79
272
1.50
3.03
2 06
3.17
1.60
3.27
2.69
3.07
1.85
3459
2.71
4.04
1437
2483
2.96
3.22
1.51
2.70
3.0
2.72
1.59
2+58
3.10
2415
2.08
2.87
2442
1425
J.04
3.28
2.58

Lihear
coeff.

.96
195
‘96
T
.93
.43
.93
57
.93
91
S0
+ 58
+BB
+38
.95
.95
.98
G4
95
94
9%
93
.53
95
.94
.93
.93
94
.92
+ 94
.93
87
.91
.89

]

.63
-+ 20

1.51
« 17
77

=2.0%
7+19

3,75

~eTh

3.17

5.93

-.tl

-9.28

1.91

31.89

1.86

3.11
o 75
s 08

~1s26

9.66

«12.43

=7.10
-1.0%
11.68
-1. 45
2.11
«5.04
2.37
- 96
-2.26
2478
3.3}
1.29

analysis for 34 thin sections.
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independent of Rs and average Ri (Figure 3-58). The majority of the

grains have mean initial axial ratio (Bi) between 1.7 and }.9 (Table

3-3). However, it is common for individual grains to have Ri less than

1.5 (e.g. Figure 360},

An example of the polar graphs in strained and "unstrained" states

(Appendix 1), plotted using polar grapk method, is shown on Figure 3-

59. The distribution om this graph canm be described as heart shaped

(Appendix 1). Delta and heart shaped inirial polar graph distributions

indicative of initisal unimodal grain distribution are <common, whereas

an elliptical distribution indicative of initial random distribution is

net common in the thin ectioms studied. Typical graphs of Rf/d, Ri/6,

and Chi-Square plotted by the use of RE/$ method are shown on Figure

3~60.

Correlation between different methods

Strain ratics estimated by the aritlmeti¢ and geometric means are

greater than those determined by methods of group II for zll sections

with low Re values. However, in sections with larger Rs, the difference

between the results of the two groups, indicated by the measured error,

decreases but never becomes zero (Figure 3-61 snd 3-62). The harmonic

mean, on the other hand, approaches the value of the strain ratic

determined by group 1lI metheds at moderate Ra values where its error

averages zero as was also reported by Lisle {1977b). Although the error

determined by the slope methed decreases on sectioms with woderats Rs,

it increases again at larger Rs values (Figure 3-61 and 3-62). The

difference (Zerror) between group I anrd II is larger for grains with
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higher initial axial ratio {esatimated by group II methods) {Figure 3-

63) and is maximum for grains that initially had their lomg axes within
52 (g <‘5°) of the major axis of the strain ellipse (Figure 3-64).
Figure 3-65 shows the relationship between Rs calculated by the
method of Shimamoto-Tkeda (1976) and Rs found by other methods of group
II. There ia a good limear correlation between ratio of principal
strains determined by wethods of Shimamoto~Ikeds (1976) and Robin
(1977). Ra measured by Holst method (Holst, 1982) is less well corre-
lated with that of Shimamoto-Ikeda method. Except where it is low, Rs
calculated by method of Tobisch and others (1977) is larger than that
of Shimamoto-~Ikeda aas is expected (Appendix I), The results of RE/4
method are well correlated with almost all others at low Rs values and
is less so at moderate Re, where they are wmainly lesa than the results

of Shimamoto-lkeda.

Implications

The harmonic mean is calculated more readily than Rs of group II
nethods and epproximates the strain ratio better than any other method
in group I. A graph incorporating the results of this study has been
constructed using the hatmonic mean values and Rs determined by methods
of Shimamoto-Ikeda, Robin, and Rf/§ (Figure 3-66). The best £it curve
through data points on a plot of harmonic mean versus axial ratic has
been found by the least square method and is shown with its equation in
Figure 3-66. After having calculated the harmonic mean, Rz c¢an be read

directly from the graph.
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It is recommended that the harmonic mean, corrected by the empiri~

cal curve above, be used as a fast, practical, and accurate estimate of
Rs in cases where immediate application of other computerized methods

in not feasible as was previoualy suggested by Lisle (19775).

Ihree-dimensional strain analysis

The problem of whether cleavage is parallel to the XY principal
plane of strain is a classic one and has been considered by many work-
ers such as Ramsay {1967), Ramsay and Graham (1970), Cloos (1971), $id-
dans (1972}, Wood {1974), and Williams (1976, 1977). It seems that
cleavage, defined by flattened objecta are parallel to the XY plane of
finite strain probably because of high strain magnitudes in rocks with
such structures. However, like all other planes, cleavage, if origi-
nally in other orientatioms, can rotate towards paralleliesm with the XY
plane as strain increases (Williams, 1977). This probably explaina why
in places, a plane of shear might be seen parallel to cleavage. The
mechanisms through which mica or planar grains attain their preferred
orientation cam include mechanical rotation and (or} dissolution and
recrystallization (Tullis and Wood, 1975; Williame, 1977).

The method to calculate shape and orientation of strain ellipsoid

from two dimensional data is as follows: the three thin sections that

are cut normal to the cleavage for each specimen should have their com—

mwon intersection parallel to the cleavage normal and to the minimum

quadratic elomgation ( X ) (see the section on theory of strain) if

cleavage is paraliel to the )i}, piane ( X, >3;>A; }. On each thin

. . . . . * :
secticn, the major and minor axes of the atrain ellipse ( A, and A )
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are within 3%, respectively, of the trace and pole of the cleavage,

indicating that the pole to cleavage is parallel to the winimum princi-
pal elongation. The few degree discrepancy depends on 1) the error in
orienting the thin secticns, 2) the precision of aligning the long axes
of grains paerallel to the trace of cleavage, and 3) non-parallelism of
the A3 axis and the pole to cleavage, Because of the very low angles
involved, it is reascpable to assume that lt and A; are parailel to
the trace of cleavage on thin sect@on and pole to cleavage, respec~
tively, and therefore, that cleavage is parallel to the A; Ay plane.
BRs = ¥ A:// A; is known from the two dimensional measurement.
Because X; is common in all the three sectioms, it is reduced to unity
in order rto determine XT

using Equations 3~7 through 3-9,

Ra(b)=/A[b/A00  Ba(e)wAjc/Nje  Re()=/AjA/AE (3-7)

whare b, ¢, and d, refer to the three thin sections normal to cleavage.
Since
& E £
k3b = A3c = A3d = A

3 (3-8)

reducing A3 to unity leads to:

A:b = { (Re(b))? A:c = ((Rs(d))? A:d » ((Rs(d})? (3-9)

Fow the problem is reduced to having the quadratic elongations along

three lines at the intersection of cleavage and the three thin gec-
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ticns, and finding mazizum and minimum quadratic elongatioms ( Al and

A,) on cleavage. The procedure to obtaim A and A, iz that of Rameay
{1967, p.80). Details of this method and an example are given in
Appendir Il. After the magnitude and oriemtation of Al and AZ and X
and Y are détermined by this method, the radius of a sphere of equal
volume to the ellipsoid is calculated snd the deviatoric cemponents of
strain, Xd, Yd, and Zd, and the simple elongations e, e, and eq are

calculated using the relationmships shown on Table 3-4.

Results

Facket 7 ~ The five specimens studied in packet 7 were taken in dif-

ferent structural positions relative to the Golconda thrust (Figure 3-
54). Specimen 1 and 10 are from the west and east dipping limbs of the
Fla fold in Ophir Canyon, respectively. Specimens 6, 7, and 8 are
taken closer to the Golconda thrust on the west dipping 1limb of the
fold. Specimen 8 is sampled within few meters of the Goleonda thrust,
Specimens § and 10 are medium- to coarse-grained gandstone and speci-
wens 1, 6, and 7 are slate,

Table 3-4 sets out the three dimensional resuits for the specimens
in packet 7. The orientation of the primcipal strain axes and the
deformation plot for each sanple are shown on Figure 3-67. All the
deformation ellipsoids plot in the apparent flattening field (Ramsay
1967, Ramsay and Wood 1973). Because volume change is unknown, thege
fislds may not necessarily be of true flatteniag as discussed before.

The deformation ellipsoids of slate and even sandstone plot in the




Specimen #

0s1
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087
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0510
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Table 3-4. Results of three dimensional strain analysis for the 9 specimens

Ay AA g X Y Z r Xd Yd Zd

A6h T4 1 L9 2,73 1 2.0 14T 1036 &S0
oAb 0,2% 1 WSRO 2.%0 1 287 1.7 1.21 AR
10,53 7,7% 1 3.24 2,78 1 2.0 1.6 .34 OU4R
18,20 8,33 1 4.3 2.89 1 2.32 1.83 1.24 0.463

.17 A.60 1 336 2,52 1 2,05 LAY 1.25 0.49

9.0% &.62 1 3,00 2.57 1 1.%¢ 1,52 1.10 0.%1

10,20 5.02 1 3,19 7,26 I 1.91 t.66 L.i6 0.57

7.94 405 1 2.82 2,01 1 1.78 LS8 L.E1 0.56
16.26 7.19 1 &.03 .68 | 2.2l 1.82 L.21 0.45
Trincipal axen Brviatoric prin, axca Elnnpat§
X o= Ay xd » Xl o
_ .C, ¥a » ¥fr g Yd-1
Y = YAz - 7/ oS 781
2= Vi,

r = ratlus of =

where,X >¥ 2

irn packets 7 and 12,

e of equal volune = (xva) '3

€3
=0.69
-N.73
-0,73
-0.A4

~0.71

0. 67
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~0.79
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Figure 3-68, Ramsay and Wood's (1973) deformation plot for
slates from the Caledouites of NW Europe and
the eastern United States and the results of
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deformation field of slates compiled by Ramsay and Wood (1973) (Figure

3-68). The principal extensicns and axial ratios of strain ellipsoid
are plotted for each gpecimen versus its structural position on Figure
3-69. Specimen 1 in the highest position has the lowest shortening and
extension along the 2 and X axis, respectively, and the highest exten-
sion along the Y &xis. Specimen 8 followed by 6, both close to the Gol-
conda thrust, have the highest extension along the X, shorteming along
the Z, and the lowest extension along the Y axis. Specimen 7 has an
intermediate characteristics in terms of the principal extensions.*

The structural position of specimen 10 is complicated by its posi-
tion in the macroscopic F2a fold in Ophir Canyon and does not correlate
with the pattern of the principal extensions as defined by the other
apecimens. The orientation of the principal axes in specimen 10 is most
certainly influenced by the F2a fold. Comparing Figures 3-67 and 3-lg,
the orientation of the X and Z axes in thig specimen can be explained
by rotation sbout the axis of the F2a fold which is homoaxial with Y
axes in samples 1 and 6 and with Fl fold gxes. This and the fact that
the magnitude of atrain in specimen 10 is not much differeat from the
others indicate thst the recorded strain {s older than the F2a folding
and that the F2a fold has deformed the cleavage by flexural slip such
that grain shapes have remained constant and the X and Z axes rotated
about Y axis. Despite the nearly constant orientation of cleavage and 2
axis in samples 1, 6, 7, znd B, the X and Y axes im specimens 7 and 8

are differently oriented from those of 1 and 6; thess will be discussed

later.
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Packet 12 - Except for specimen 17 _ which is & sandstone taken on the

¢rest between Ophir and Wisconsin canyons, other specimens in this
domain are slate (Figure 3-54). The orientation of cleavage in speciwmen
17 is_differeut because of F2a folds compared to the almost homoclinal
¢leavage in other specimens. Specimens 15 and 20 are sampled in north-
ern  (subdomain 12b3) and specimen l6 in the southern {subdomain 12b2)
sides of Ophbir Canyon {(Figure 3-54).

Table 3-4 shows the resuits of the 3D strain study in packet 12.
The orientation and deformation field of the principal strain axes in
this packet are shown on Figure 3-70. The ¥ axes plunge shallowly and
moderately between N and NW. The X axes of specimens 15, 16, and 20
plunge moderately to steeply SSE on the vertical cleavage. The orien~
tatiou of the principal axes in specimen 17 is different because of the
younger F2a folds. No pattern is evident in the variation of the prin-
cipal extensions and X/Y, Y/Z, and X/Z ratios as a function of struc-
tural positionm within this packet (Figure 3-69). The average shortening
(83) is less and the X/Y ratio is larger in this packet compared to
those in packet 7. The deformation ellipscids for these specimens plot
clogser to plane strain (assuming no volume change} in the apparent

flattening field of the deformation plet than those in packet 7.

Discussion

Despite the existence of the apparent gradient in the magnitude of
the principal extensions as a function of structural positiom relative
to the Golcounda thrust in packet 7, no such gradient exists im domain

12, This suggests that the strain related to the slaty cleavage is
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older than the empiacement of the Golconda s1lochthon. If correct, the

strain was applied in each packet during the DI deformation phase as is
also evidenced by the parallelism of ¢leavage, the XY plame, axial
planes of Fl folds, &s well as the Y azes of strain and fold and boudin
axes. The sub-parallelism of the Y axis and the majority of the FI,
Fla, and F3 fold axes suggests a consistent and continuous tectonie
motion respongible for all these deformationa. Assuming that the direc~-
tious of the principal axes in the komoelingl part of packet 7, an area
not affected by the F2a fold or other structure in this area, represent
the tectonic motions, an east-west trend of shortening is apparent from
the results of all specimens in this packet and from the crientation of
Pl axial planes and clesvage. The maximum elongation occurred mainly
subparallel to dip of the flatteming plane except in specimens 7 and 8§

where it was subhorizontal,

The difference in the orientation of X and Y of specimeng 7 and 8
from those of 1 and 6 can be explzined in four different ways:

1) The prineipat orientations in specimens 7 and 8 are because of
superimposition of a later incremental strain with its major axis at a
high angle to that of the established finmite strain after D1 phase and
due to the emplacement of the allochthon along the Golconds thrust.

2} The variation is contemporanedus with Dl and caused by variable
displacements in the XY plane at the culminaticns and depressions of
large F1 folds; this does not geem likely cousidering the parallelisy
in specimens 7 and & of X and F! and Fla fold axes.

3) The difference in the orientation of X in specimens 7 and 8§ is
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due to rotation, for example as a vesult of reactivaticn along the Gol~-

conda thrust because of their low structural position; this is also
unlikely because no such rotation is evidenced im the orientation of
the cleavage and 2 axis in these specimens.

4) The orientation of X in sandstome of specimen 8 is a result of
heterogeneous f£low parallel te Fl fold axes. The flow was formed
becauge of rheological differences between pelite and sandatone, such
that while the more compactable pelites of apecimen 1 and 6 were being
shortened, graina in sandstone of specimen 8 deformed and rotated. This
is unlikely because: a) X in specimen 7, being a slate, is also sub~
parallel to Fl fold axzes and to X in sandstone specizen 8, b) specimen
10, @ sandstone, attains X axis oriemtation subparallel to X in pelite
specimens ] aad 6 after the removal of F2a folding, and <) shortening
in specimen 10, a sandstoce, iz about equal in magnitude to shortening
in pelitic specimens. Although shortening is wmeximum in sandstone
specimen 8§, it may be due to a younger superimposed strain when the
allochthon was emplaced as discussed in the first hypothesis.

A comparison of the principal directions of specimen ) and 6 and
those of 15, 16, and 20, in the homoeclinal parts of packeté 7 and 12,
ragpectively, suggests that the orientations of the principal axes in
packet 12 are the result of rotation of directions such as those in
packet 7 (Figure 3-67, 3~70) about an axisz subparaliel to the Y axis
and Fl linear structures.

X aod Y axes plunge moderately ¥ and S on an inclined plane

parallel to the Golcenda thrust in specimens 1 and 6 of packet 7 (Fig-
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ure 3~67). This is probably because shortening during Dl phase of

deformation was non-horizontal and that during D2 phase, when cleaved
rocks were imbricated and thrusted, the rigid body rotation if
gccurred, vas homoaxial with the Y axis of DI phase. Moreover, the con-
traction directien should have remained comstant in order to emplace
the allochthomn over the Golconda thrust essentially subparallel to DI

cleavage,

The higher flattening in ssmples of packet 7 can partly be attri-
buted to the emplacement of the Golconda allochthon, implying that the
finite strain recorded in the rocks close to the Golconda thrust is a
sum of Dl and a younger deformation that cam be related to the thrust.
It is also possible that an unidentified pre-pl deformatiom such as

gravitztional compaction of the mudstones and sandstones contributed

partly to the grain shapes which were measured in the glates apd sand-

stones.
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CHAFTER 4~ KINEMATICS OF SEQUENTIAL PROCESSES AND

RECONSTRUCTION OF THE PALEOGEOGRAPHY

In this Chapter, the tectonostratigraphic and satructural data
presented in Chapter 2 and 3 are used to recomstruct the paleogeogra-
phy, timing, and kinematics of emplacement of the Goleonda allechthon
and to analyze the source and tectomic significance of serpentinites in
the study area. Data from other parts of the allochthon are compared
with those in the study ares to evaluate the regional extent and tee-

tonic gignificance of the allochthoun.

3

of emplacement of the Golconda allochthon in the study ares

The rocks of the Golconda gllochthon in the Toiyabe R;nge can be
divided into three groups according to their age. The firsf includes
lower Paleczoic rocks such as those in packet 1 and p&ssibly 9. Packet
1 can be interpreted, for the reasons to be discussed, as a detached
slice of the lower plate of the Golconda thrust which was incorporated
into the allochthon probably after the deposition of Triassic rocks.
The second group includes upper Paleozoic allochthonous rocks of varied
facies that range in age becween Late Migsissippian and Permian
(Chapter 2). The third includes Lower Triassic rocks below the rocks of
the upper Paleozoic section. The main body of the allochthon has Per—
mian rocks at various positions above the Golconda thrust that jndicate
a wmaximum age of Permian for the assembiage. Triassic rocks oceur at
the base of the allochthon and provide a maximum age of Triassic for

the final emplacement of the allochthon.
182
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The youngest rocks overthrust by the Golconda allochthon in  the

study area are those of the Diablo Formation with a Wolfcampian to Gua-

dalupian (Early to Late Permian) age im Jett and Pablo Canyons (Speed

and others, 1977) that indicate a4 maximum age of Permian for the

thrust, A minimum age for the thrust is 42 and 54 uwy (RK-Ar ages of the

Ophir pluton). If the rocks of unit t6 (Chapter 2) prove to be Meso~

zoic and autochthonous, the minimum age can be incressed to pre=t6.

The proto-Golconda thrust can be traced at the base of the strue-

turally lowest packet of the upper Faleozoic section such as 7 and

above the Triassic packet (Figure 4-6), This is the thrust above which

the upper Paleozoic rocks were originally translated and emplaced over

the continental slope or shelf or possibly subareal parts of the con-

tinental margin of North American plate. The present sole thrust of the

Golconda allochthon above the Disblo Formation and at the base of

packet 1 is a product of continued contraction and thrusting that

spanned a time since the emplacement of the upper Faleozoic section

over the continental margin through the deposition of Lower Triassic

rocks and their tectonic juxtaposition under lower Paleozoic packets at

the base of the allochthon,

Einematics of sequential events

Fl folds and axial plane cleavage are the most pervasive struc—

tures that are detected in all the upper Paleozoic packets of the allo-

chthon. These structures are cut by packet bounding faults. FI and F2a

folds and the thrust faults that oceccurred between these events provide

evidence of transport directics and folding of the sediments before and

during t
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during the attachment of each packet. The axes of Fl and F2a folds are

subparallel in many packets, and plunge shaliowly and moderately NyW
subparallel to gome F2b fold axes.

In parts of packet 12, the axzes of FI folds are subparallel to the
cher't boudin axes, bxe lineations, and the Y axes of strain in the same
location (Figure 3~4, 3-5, 3-70) indicating that slaty cleavage and Fl
folding are related. The minimum principal extension, Z, plunges shal-
lowly and moderately E, and the maximum principal extension, X, plunges
moderately WSW along the dip of the Golconda thrust and other local
faults in the howoclinal part of packet 7 (Figure 3-41, 3-67). In the
homoclinal part of packet 12, the 2 strain axis plunges shallowly
between W and SW, and the X axis plunges moderately to steeply S or SSE
on the steep cleavage (Figure 3-4, 3-70). The Y axis, on the other
hand, plunges shallowly and moderately between NNE and MW, subparallel
to Fl and F2a fold axes in packet 7 and 12. These and the east trend~
ing horizontal projection of the pole to the axial planar slaty
cleavage which is parailel to the Golconda and other thrusts in the
allechthon, indicate a strong east-west component of contraction that
persisted through most phases of deformation .

The upper Paleozoic sectiom of the Golconda allochthon in the
study area can best be described as an accretionary prism {Chapter 1)
for the following reasons: 1) the tectonic juxtapoaition among packets
of coeval pelagic and arc related (?) volecanogenic rocks over hemi-
pelagic rocks that in turn lie over slope-base rocks (Chapter 2}, 2)

evidence of shortening subnormal to the packet bounding thrusts and the
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Goleconda thrust, 3} dip-slip motion aleng packets as indicated by

fault~fold (f4) relationships, and 4) the systematie relationship
between folds of different generations in terms of theiz attitude with
respect to an  east-west shortening, that is, between pte-, syn-, and
post~thrust ééformation events. In the following paragraphs, the
structural dats of the study ares are used to reconstruct the kinematic
history of the Golconda allochthon pattly based on a model described by
Speed (1981), Speed and Larue (1982), and Speed (1983b) for the Barba-
dos accretionary prism.

As flat-lying sediments on a sebducting oceanic ecrust move near
the toe of the accretiomary prism, they fold, first openly, and tighter
a8 they get closer, such that close and isoclinal Fl foldas with axial
plane cleavage are completely formed when the sediments reach the toe
(Figure 4~ and 4-2, stages ti through t3}., The orientation of the Fl
fold structures, bedding, and cleavage at stage t3, is taken to be
those in the homoclinal part of domain 7h5a where they are not affected
by the D2 2nd younger deformations. These are then cut by west dipping
packet-bounding thrusts at time t4, Back rotation {Karig and Sharman,
1975) in small scale, probably by wedge underthrust (Speed, 1981; Speed
and Larue, 1982), may have led to steepening of the axial planes and
cleavage in the structurally higher packets. Open F2a folds are formed
in the accretionary surfaces because of the continued intraprism shor-
tening after cessation of slip alomg the packet faults, leading to the

observed variability of cleavage and atrain orientation in most of the

packets (Figure 3~17),
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First folds

Second folds

Local reactivation of packet bounding faults sasuch as the %ﬁ%

between packet 7 and 8, generated fault-contemporaneous F2Zb foldas along

these faults (Figure 3-22). Several local faults c¢ut across the F2b

folds at the fault contact, suggesting that they were formed zccording

to the following model (Figure 4-3).

Bedding and cleavage at this centact, originally dipping

moderately to the west as in the homoclinal part of domain 7h5a, were

lccally rotated due to fauiting caused probably by the presence of

irregularities such as bumpe in the fault zone (Figure 4-3a). Folds

were then formed iz the rotated block due to the continued motion along

the thrust., The axial planes im Figure 4-3b are taken to be perpendic-

ular to a SW-NZ trending shortening aleng the thrust, suggested by the

NW treading axis of rotation of bedding and cleavage (Figure 4-3a),

which alzo lies on the thrust., These folds could have had constant or

differently oriented axial planes as depicted on Figures 4=3b and 4-3c,

respectively., The other alternative is that these rocks were first

deformed by F2b folds and later rotated so as to remove the bedding

girdle from the pole to homeclinal bedding. The folds were then

rotated homoaxially (Figure 4~3d-f) as suggested by the observed par-

tial girdle and great cirgle distributions of their axes and axial

planes, reapectively (Figure 3-22). Other possibilities such as conju~

gate folding with initially differently oriented hingelines and axial

planeg, or rotation of axes by simple or pure coumstrictional shear ian

the upper plate are not accepted because F2b conjugate folds are absent

and no evidence of high strain required for axial rotatiom exists.
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The existence of non~deformed kinks within few meters of the

folded F2b folds, at the contact of packets 7 and 8, indicates that
kinks were formed after F2b folds. The form of the kinks, ¢conjugate or

individual, was wmost prebably comtrolled by the iimb attitudes of

macroacépic F2a folds. F3 folding is either syanchronous or older than
the 1latest movement on the Golcorda thrust, as indicated by the orien—
tation of kinks in the southern part of demain 7h3a and other parts of
the Golconda thrust zone (Figure 3-29, 3-43). The wost plausible cause
of kink folding is the final emplacement of the upper plate of the Goi-
conda thrust that occurred after and fault-

intraprism thrusting

contemporaneous folding, implying that kinks in different packets are

of the aame generation. Further motion along the Golconda thrust,
probably by late reactivation, locally deformed the kiakas at the Gol-
conda thrust zone (Figure 3-43).

The parallelism of the striations on Faslts at the Golconda thrust
zone, slip directions determined from faults associated with and paral-
lel to the Goleconda thrust {(Figure 3~41), and the west plunging con~
tractions (Z) resolved from intersecting F3 kinks (Figure 3-235, 3-28),
indicate that the kinks are related to a succession of displacements

within the Golconda allochthon,

The tectomic fabric at the Golconda thrust in Ophir Canyon (Figure
3-39 and 3-41) is consisteant with an east to west underthrusting of the
autochthon below the Golconda allochthon as indicated by the orienta-
tion of axial planes of P4 folds and slip or associated fauits, During

this metion which probably occurred after the allochthon was emplaced,
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chert beds in the upper plate, at low angles to the Golconda and local

faults {Figure 4~4a), were folded by layer parallel compression,
resulting in the formation of F4 conjugate folda as depicted on a model
on Figure 4~4b, These folda are related to the D5 deformation phase
and are'reatricted to the Golconda thrust zone (Table 3-1).

It should be noted that structural analysis only indicates the
sequence and direction of displacements and styles of displacement con—
sumpiion, not the transport distance of packets in the allochthom. This
mist be determined by palecmagnetism, palecbiofacies, or by some unique
lithologic ties, None of these exists. It can not be stated whether

the Golconda allochthon is wholy lecally or partly distally derived.

Paleogecgraphy and plate tectgnics reconstruction

The lower Paleozoic rocks that are autochthonous with respect to
the Golconda thrust have not been studied in detail. These show multi-
phase folding and were deformed during the mid-Paleozoic Antler oro-
geny. They are in many places overlain by the autochthonous homoclinal
Permian rocks of the Diasblo Formation. According to Speed and Sleep
(1982), deformed lower Paleozoic rocks formed am accretionary prism to
a migrating island arc aystem, Collision between the arc and the
western passive margin of the North American continent caused the
Antler orogeny in the Mississippian. The island are that propelled the
accretionary prisa (Roberts Mountains gllochthon) sank due to thermal
contraction (Speed and Sleep, 1982). The subsidence of the lower Paleo-
zoic magmatic arc was probably accompanied by the formation of another

oceanic basin and westward shift of the subduction zene {(8peed, 1979).
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Some rocks of the Golconda allochthon were then deposited on the cuter

ahelf, slope, and floor of this ocesnic basin that was gituated between
the Antler highlands and a convergent boundary to the west, the polar-
ity of which has been a matter of debate (Chapter 1), Sedimentation in
the oceanic basin continued from the Mississippian to Permizn or possi-
bly Early Triassic.

The purpose of this section is to discuss the sedimentologic and
structural data that bear on interpretation of the pelarity of the ¢on-
vergent boundary, and therefore, the nature of the contimentsl margie

of the western North American plate and the palecgeography in late

Paleozoic and Early Triassic time.

Terrigencus and hemipelagic packets in the lower part of the alle~
chthon (Chapter 2) lack the volcanogenic rocks that are characteristic
of the age equivalent upper packets of the allochthon. Moreover, a vol-
canic terrane that could have supplied the clasts to the volcanogenic

packets does not exist in the autochthon east of the Golconda thrust.

Thus the source of volcanogenic wmaterial should have been to the west
of the oceanic basin where the volcanogenic and other upper Paieozoic
rocks were deposited in the present geographic coordinates assuming no
rotation and translation of the allochthon after its emplacement,
Sonomia, the magmatic arc of Speed (1979}, or another intra-oceanic
are, west of the ocesnic basin, is assumed to be the source of the vol-
canogenic material, Pelagic packets, in the highest structural posi~
tion, containing mainly radiolarian cherts, pelite, minor volcanogenic

rocks, and basalt slices, were probably deposited in an oceanic basin
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with no access to terrigenous material. The terrigenous rocks contain

clasts that correlate by their age and lithelegy to the rocks immedi-~

ately under the Golconda thrust in the study area. These were depo-

sited at the continental slope or itz base {Chapter 2). The deposi-

tional settings of the four allochthonous upper Paleozoic facies which

are given in Chapter 2 are used in the fellowing paragraphs to recon=-

struct the prevailing paleogeography of the local western margin of the

North American continent, assuming that the Golconda allochthon was

emptaced at its present geographic location.

Figure 4~5 is an schematic illustration of the paleogecgraphy and

sequential tectonic and depositional processes between the Mississip-

pian and Permian times bssed on the accretionary model discussed in the

previous section, According to this model, the upper Paleozoic section

of the Golconda allochthon evolved by progressive accretion of the

pelagic, wvolcanogenic-basaltic, hemipelagic, and terrigencus rocks in

that order. The Golconda accretionary prism was underthrust by the

passive local continental margin, probably during Triassic, due to the

convergence of the arc (Speed, 1979) and continental crust.

The existence of & packet of Early Triassic rocks, in the basal

part of the Golconda allochthon above the allochthonous lower Paleozoic

tocks, indicates that the sole thrust of the allochthon is younger than

the Triassic rocks. The calcareous Triassic clastic rocks apparently do

uot possess the penmetrative F1 foliation that exists in the upper

Paleozoic rocks, Despite the sandy texture of the Triassic rocks which

may have inhibited the development of a foliation without large strain,
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the undeformed pelecyped shells in these sandstones, and the pervas%ve,

well developed foliation in upper Paleozoic sandstones with similar

texture, suggest that the Triassic rocks did not undergo the Dl defor-
mation event that is typical of all the upper Paleozoic rocks. Agsuming
that Dl structures are related to the Pre-thrust gceretionary processes

{Chapter 3), the Triassic rocks can be interpreted to have been depo-

sited after the upper Paleozoic rocks were deformed and assembled in

packets. The depeaition of the Triassic rocks can be further narrowed

between the emplacement of the upper Paleczoic section and attachment

to the allochthon of the lower Paleozoic packets that lie below the

Triassic rocks.

The amgular chert, quartz, and plegioclase rich volcanic clasts in
the Triassic packet indicate a source terrame vich in velcanic, chert,

and guartz beariung tocks. The upper Paleozoic section is the most

likely candidate for such a source. During the Early Triassic, when
the Golconda accretionary prism of wmainly upper Paleozoic rocks was
first emplaced on the continental margin, elastic loading of the litho-
sphere by the prism probably resulted in downwarping of the wargin  and
formation of a foreland basin at the toe of the prism as described by

Speed and Sleep (1982) and shown on Figure 4-6 and 4-7¢, The basin

probably received sediments shed east from the prism and west from the

continent, The Triassic rocks were later overthrust by the accretiom=

ary prism and were partly incorporated iate it, along with lower Paleo-

zoic rocks, due to continued eastward motion of the prism as comver-

gence persisted. This resulted in eastward tectonic progradation of
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the allochthon by imbrication amd incorporation of lower Paleozoic

tocks of the lower plate in packets such as 1 and 9.
The rest of this section is am analysis of pessible origins and

modes of emplacement of serpentinite in the Golconda allochthon

(Chapter 2),

Serpentinization

Serpentine can be formed by hydration of peridotite, harzburgite,

and lherzolite (Coleman, 1971, 1977); type of rocks that are commonly

found in oceanic crust. Serpentine minerals can be stable over dif-

ferent ranges of P-T conditions depending on activity of H20, composi~

tion, and oxygen fugacity (Faust and Fakey, 1962; Yoder, 1967; Barnes

and 0'Neil, 1969; Iishi and Saito, 1973; Coleman, 1977). Experimental

work shows that moast of serpentinites can form from ophiolite perido-

tites in the temperature range of 100°-3009 ¢ {Wenner and Taylor,

1971).,

The amount of water needed to form serpentine from a peridotite

depends on the original content of olivine, pyroxenre, and plagioclase

in the ultramafic rock, and on the webility of Mg, Si, or both (Cole-

man, 1977). Stable isotope studies of serpentinites dredged from ocean

floors and those from ophiolite serpentinites indicate that the source

of water for ocean serpentinite is ocean water, wheregs many cophiolite

gerpentinites were formed by meteoric water, in a continental crustal

enviroument, at temparatures between 0° and 300° ¢ (Magaritz and Tay-

lor, 1974; Wenner and Taylor, 1971; Coleman, 1977).

Drs
gr/emdt
tectoni
Mansfie
beliave
low at;
their Ic
alternat

allochth

Model 1

an  ocea
tionary 1
to the |
Kay, 198]
been facj
a depth
vert the
4~7a), Wa
was supp

consolida

|
porting 4

observed

i
i
a

drilling

with these

Huene ané




195

lower Paleozoic

sible origins and

ylconda  allechthon

-ite, harzburgite,
} that are commonly
atable over dif=-
vy of B20, composi-
ier, 1967; Barnes
(977). Experimental
ophiolite perido=-

‘Wenner and Taylor,

‘roa  a peridotite
e, and plagicclase
[, or both (Cole-
dredged from ocean
e that the source
reas many ophiolite
ntinental crustal

(Magaritz and Tay~

200

During serpentinization, demsity of peridotite decreases from 3.3
gr/cm3t0 2.5 gr/cm3 in serpentinite. If serpentinites beccme intensely

tectonized, their shear strength may be reduced to ! bar (Cowan and

Mansfield, 1970; Coleman, 1977}, In this context, it is reasonable to
believe that sheared serpentinites can plastically flow upward under

low stress, for example along weak zones such as faults, because of

their low density and weak nature (Coleman, 1977). The following are

alternative wodels for emplacement of the serpemtinire in the Golconda

allochthon based on the above discussion.

Model 1 - The fault-zone serpentinites (Chapter 2) sre originated from

an oceanic crust which lied under upper Paleozoic rocks. In an accre-
tionary model, the ocean crust could have partly segmented and attached
to the base of the prism im the upper plate by underplating (Rarig and
Ray, 1981; Moore and others, [981), a tectonic process that could have
been facilitated by serpentinization of the oceanic erust as it slid to
& depth where temperature and activity of EZO were high enough to con~
vert the ultramafic lower layer of the crust into serpentinite {(Figure
4-7a). Water needed to form serpentinite from peridotite or harzburgite
was supplied by dewatering of the subducted sediments as they became

consolidated or by chemical reactions (Von Heuene and Lee, 1982). Sup-

porting evidence for this hypothesis are the high fluid pressure

observed in modern subduction zones , for example Barbades, from DSDP

drilling (Moore and other, 1982) and by other observations associated

with these high elevated pore pressures such as shale diapirs {Von

Huene and Lee, 1982), Moreover, packets of massive and pillow basalts
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are common in the Golconda allechthon (e.g. wvlb, wv2b, P2b units).

Basalts of the Golconda allochthon, 20 km to the south of the study
area, ate related to ocean floor through chemical analysis by Speed
(1977a), The presence of basaltic slices in the Golconda allochthon of
the study area, assuming that they were part of an oceanic crust, sug-
gests that the oceanic crust which went under the Golconda accretionary
prism was partly acereted to the prism probably through underplating,
Chemical and mineralogical studies of serpentinite slices in unspeci-
fied positions in Paleozoic rocks indicate that they are derived from
olivine~rich rocks such 2s dumite and barzburgite (Poale, 1973). Poole
(1973) interpreted these serpentinites as fragments of Paleozoic or

clder upper mantle that were incorporated in the Roberts Mountain and

Gélconda allochthon through unspecified tectonmic processes during

Faleozoic plate convergence,

Model 2 - Fault-zone serpentinites are originated from serpentinized
part of an ocesnic crust after it moved under the accretionary prism
through upward plastic diapiric movement that was facilitated by its

buoyancy and low shear strength as discussed before (Figure 4-7b),

del 3 - Fault-zone gerpentinites are diapirically injected from
beneath the Golconda accretionary prism, after or during its last stage
of emplacement, along extensicnal faults (8. €. Speed, Pers. Comm. ,
1982} which were formed by flexing the underriding lithosphere because

of the load of the accreted or accreting Goleconda allochthon as modeled

by Speed and Sleep (1982) (Figure 4-7¢). The source of the serpentinite
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could be those discussed in models ! and 2 or from the upper mantle.

The flexural model is appealing because it also explains the

emplacement

of the allochthonous lower Paleozoic packets and formation

of a basin for the deposition of the now allochthonouas Triassic rocks

(Pigure 4-6 and 4-7c¢).

Model 4 ~ Fault-zone serpentinites were deposited as large olistos-

tromes which were carried with other clastic debris into the deposi-
tional site of the terrigemous rocks., The source of these olistostromes

could bave been in the older Roberts Mountain allochthon, or older ser-—

pentinites in structurally higher positions in the Golconda allochthon

which themselves were formed by models 1, 2, and 3. Although there is a

serpentinite slice in the lower Paleczoic autochthonous rtocks in

Wisconsin Canyon, this wmodel is not favored because of the apparent

lack of more of such serpentinites in the autochthon, and because not

all the large serpentinite slices are associated with terrigenous clas~

tic rocks. Moreover, this wmodel does not explain the presence of

fault-zone serpentinites along packet boundaries, The clastic serpen—

tinites could have been supplied from the fault-zone serpentinites as
they were exposed on the surface of the accretionary prism in models 1

and 2, and from the autochthon in model 3.

Correlation with other parts of the Golconda allechthon

Jett to Wall Canvons - The nesrest place, where the allochthon has been

studied in detail is betweem Jett and Wall Canyons, about 20 km to the

south of the study area {R. C. Speed 1971~3 unpub. data; Speed, 1977a;
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Speed and others, 1977). Here, the allochthon, identified by a succes~-

sion of fault bounded packets of upper Paleozoic rocks, and the under-
lying Disblo Formation and lower Paleozoic rocks, are well correlated
with rocks of the study area (Speed and others, 1977; Speed, 1977a).
The major difference, however, is in the absence of the coarse-grained
volcanogenic sedimentary rocks iz this southern part of the allochthon.
Here, the volcanic rocks are pillow basalts that ere correlated chemi-
cally to oceanic tholejite (Speed, 1977).

Speed (1977a) interpreted the allochthon in this area to comprise

tectonic slices of oceanic pelagic and volcanic rocks that have since

been dated as Mississippian-Permian {R. C. Speed, pers, comm.)., The

time of emplacement of these rocks on the continental margin is taken
to be Late Permian or Mesczoic. The surface, separating the allochthon
and the lower plate Disble Formation is the folded Golconda thrust,

The tectomic fabric im the sllochthon in this area is dominated by
2 slaty cleavage in pelite and axial planes of isoclinal folds of
chert, both parailel to bedding except in hinges of folds (R. C. Speed
1977a, unpub. data), Here, chert beds are lemticular along the folia-
tion. Such structures are well correlated with F1 structures in the
atudy area,

The environment of deposition of upper Paleozoic alleochthonous
rocks is interpreted as the deep sea floor, either distal from a con-
tinental source or close to a continent but with a continental sediment

bypass. (Speed, 1977a).

New Pass Range - Rocks of the New Pass Range assigned to the Golconda
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203 allochthon (MacMillan, 1972} can mostly be correlated with those in the

tified by a sueces~

study area (Speed, 1977a). Here, the Golcomda allochthon includes

ks, and the under~

sze wvell correlated highly deformed interbedded chert and pelite , homogeneous chert, vol-

'3 Speed, 1977a). canogenic sedimentary rocks, pillew basaits, pebbly mudstone, and

. carbonate-quartz-chert sandstone (MacKillan, 1972; Speed, 1977a}. The
the cosrse-grained

allochthonous rocks of the Mew Pass Range are overlain by upper Lower

of the allochthon.

. Triassic rocks with an angular unconformity. The alloehthon is juxta-
» correlated chemi-

posed by the Golconda thrust over autochthomous homoclinal upper Paleo-

. zoic rocks, which correlate with the Antler Sequence (Chapter !), and
. area to comprise

i def 1 1 i iot,
ks that have since bighly deformed lower Paleozoic roeks of the Valmy Formstion Here,

the contact between the lower and upper Paleozoic rocks iz an angular
ers. comm.}., The

.. unconformity.
al wmargin is taken

ng the allochthon HacMilian (1972) demounstrated that the emplacement of the Golconda

lconda thrust, allochthon occurred before the deposition of the late Early Triassic

. ) 4 . . _
ea ia dominated by rocks, and further narrowed its age between post Guadalupian and pre

isoclinal folds of Smithian (latest Late Permian to late Early Triassic).

The allochthonous uppetr Paleozoic rocks have undergone

olds (R. C. Speed twe major

) folding events in the new Pass Range (MacMillan 1972). First folds are
r along the folia-

. isoclinal with W to WNW plunging axes, These are refolded homosxially.
Tuctures in  the

Theee folds do not exist in the upper Paleozoic terrigencus clastic and

X shallow water autochthonous rocks below the Golconda thrust, The second
yic allochthonous

. folding occurred when the upper Paleczoic rocks were moved over the
listal from a con-

. . Goleonda thrusgt. In thia second event, folds were formed both in the
itinents]l sediment

allechthonous rocks and locally in the upper thin layer of the auto-

chthon with coplanar axial planes dipping shallowly WNW. These folds
to the Golconda
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component of displacement over the Golconda thrust.

Northern Nevada ~ The rocks belonging to the Golconda allochthon in

northern Nevada

(The Havallah sequence) include chert-greenstone—

jasperoid units that range in age from Missiseippian to Permian, chest

&nd argillite of Late Devonmian to Permian age, siliciclastic, calcare-

ous, and voicaniclastic turbidites, and masaive sulfide and silicecus

Fe and Mn deposits (Snyder and Brueckner, 1983). These authors inter-

pret the rocks to have been deposited in an ocean basin with active

apreading {during late Paleozoic) which were emplaced over the con~-

tinental North America between latest Permian and late Early to Middle

Triasgie, Through diagenetic, lithologic, and structural analyses,

thess workers suggest that the allochthon was pre-packaged through

sccretionary processes during late Paleozoic, before its eastward

emplacement along the Golconda thrust.

An evidence of an unconformable contact between upper Middle

Triassic rockg, the Havallah Sequence, and the Golconda thrust is given

by Nichols (1971), indicating that in this part of Nevada, the Golconda

thrust is older than late Middle Triassic (Silberling, 1973).

Miller and others (1982}, correlating the Schoonover complex in

the Independence Mountains and the Bavallash sequence, prefer a back arc

thrusting model {Chapter 1) for the evolution and emplacement of the

Golconda allochthon.

Lithology and structural fabric of the allochthonous and auto-

chthomous rocks im the New Pass Range and probably other parts of
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northern Nevada correlate well with those in the study area, Lndzcaéing
that the allochthen is a coherent and continuous tectomic asgemblage
with regional extent and systematic depositional and tectomic history

which can best be explained by plata interactions durinmg late Paleozoic

and early Mesozoic.
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APPENDIX I - METHOBS OF TWO-DIMENSIONAL STRAIN ANALYSIS

The two dimensional strain methods wused in this study are
divided into two groups: I and II. These methods are described
briefly in the following paragraphs and are informally referred to

by letters A through H.
GROUP I

Method A - (Slope method)

This method (Cloos, 1947, 1971; Ramgay, 1967} assumes that
strain markers were initially spherical and is extended for the case
of non—spheQical grains by Mukhopadhyay (1973). If grains have an
original axial ratio of 1, their axial ratio after strain reflects
finite strain assuming that their ductility is the same as the
matrix and that the strain is homegeneous, that is, amount and
direction of strain are the same at every peint of the rock. To
determine whether grains in a deformed rock come from the same popu-
lation of imitial axial ratio, Hukhopadhyay {1973) wused lirear
correlation of the long and short axis of the grains and defiged, r,
the coefficient of goodness of linear correlation (Krumbein and

Graybill, 1965) (Equ. 1},

i 2 2
ro= IX.Y S J(Exl.)w:i) (1

where X and Y are the short and long axes of the grains. For perfect

linear correlation, r is 1. A population of circular and elliptical
219
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grains with constant initial axial ratio (Ri) and orientation will

after defermstion show high wvalues of r but atill less than 1
because strain is in general inhomogeneous and therefore grains are
elongated differently. However, if grains were originally elliptical
with different Ri and (or) had random initisl orientation, r will be
low, and will decrease as strain increases (Mukhopadhyay, 1473).

The slepe of a best fit line paseing through the origin and

data points on & long versus short axis plot (e.g. Fig. 3-57) will

estimate the axial ratio of strain ellipse only if grains were ini-
tially c¢circular and deformed homogeneously. Becsuse grainsg have fin-
ite dimensions and can nofL attain zero length, the best fit line can

nct have an intercept, Eguation 2 (Krumbein and Graybill, 1965;

Mukhopadhyay, 1973) was used to calculate the slope of the best fit
line forced to pass through the origin, where X and Y are as defined

before.

_ 2
slope = XKiYi / in (2)

Methods B, C, and D - (Method of means)
Method B {Clooa, 1947, 1971; Ramsay, 1967; Lisle, 1977b; Hos~
gsack, 1969) assumes that grains had an original eircular section and

megsures the arithmetic mean sccording to Equaticm 3, where Rf is

the final azial ratio of the long and short axes of grains. Because

the initial axial ratioc and orientation (Ri and 8) of the grains are

net included in this calculation, the arithmetic mean is an impre-

cigse estimate of strain axial ratio unless grains were originally

%
|
g
3
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circular and deformed homogsmeously. Its validity for such an esti-

mation is challenged in csses where initial eccentricity of the
grains is unknown {Ramsay, 1967, p. 214; Lisle, 1977b),

Methods G and D use geometric and harmonic means of the grain

axial ratios according to Equation 4 and 5, respectively, to esti-

mate Ra,

arithmetic mean = A = ZRf / N (3)
geometric mean G=N/ Rf1 x sz X ssee X REN (4)_

harmonic mean = ¥ = I{l / Rfi) (5)

(where ¥ is population of the grains )}

The harmonic mean (H) was introduced for strain analysis by Lisle
(1977b). The value of H is less than that of geometric wmesn, and
both are less than the arithmetic mean,

The three meana vere tested against Rs through mathematical
models by Lisle (1977b). He comcluded that no simple mean of final
axial ratios will give the strain ellipse, particularly when initial
grain axial ratios are high and strain ratio is low. However, he
also showed that if grains with moderate initial axial ratics
(vetween 1 and 4) and with no preferred orientation are intensely
but homegeneously strained, good estimate of strain ratio can be
obtained from the harmonic mean of their axial ratios, He indicated
further that the arithmetic mean of Rf is of little value for esti-
mation of strain aexial ratio beecause it is strongly dependent on

initial shapes of the graina,
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GROUP 1IIX

The methods of this group use axial ratio (Rf = long/short) and
the angle between the long axis of grains and a reference line (4).

The reference line 1& usually the trace of cleavage on the sections

where strain is measured. They use algebraic, graphic, and statist-
jcal procedures and take into comsideration the factors that control

the Final shape of the grains as discussed in Chapter 3 (theory of

strain) and therefore provide a better estimate of shape and orien-

tation of two dimemsional strain ellipse. Brief description of each

of these methods is as follows:

Method E - {Method of Shimsmoto and Ikeda, 1876)

This method zssumes that initially randomly orviented ellip-
soidal grains deform homogenecusly with their matrix and is designed

both for two and three dimensional strain analyses of which only the

two dimensional part is discussed here.

The matrix representation of the strain ellipse is shown in

Equation 6.

x O I/f Ry Jx| =1

This is 4 symmetric matrix and is called average final shape matrix

(Shimamoto and Tkeda, 1976). The twe measurable parameters, Rf and

$, are used to calculate the compotents of this matrix using Equa-

tiens 7 through 12.




(o~ ]

2
Ei = 1 /Rfi cos(pi + Rfi sing’ (7}

D

2
g 1 /Rfi sin¢i + Rfi cosd, (8)

1
By =(1 /((1/Rfi}—Rfi})sin¢i cosg,

=

L/ NZfi

17/ NZgi

1/ NEh,
i

The primcipal axes of the strain ellipse are eigenvalues ( A) of the

average final shape factor wmatrix and should gsatisfy the charac-

teristic equation 13.

(13)

Equation 13 can be diagonalized and solved for its two solutions; Al

and A2. The lepgth of the principal axes of the strain ellipse are

1//31 and 1//A2. The principal direction @ is found by Equation l4.

tan 20 = f - 3

Method ¥ - (Polar graph methed of Elliotr, 1970)

This method does not assume an initial random distribution of

the

elliptical grains and mskes it possible to establish initial

distribution solely by examining the deformed distribution on a

polar
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polar graph without information on the axial ratio or orientation of

the strain ellipse.

Size and orientation of each deformed grain is plotted on polar
cooFdinates with radiua vector ag a natural logarithm of the axial
ratio (Ef) and polar angle as the double of the long ‘axis orienta-

tion (24). N, the grain population, is chosen during measurement

guch that 8 pattern (eiliptical, heart-shaped, delta-shaped, point
maxima, etc.) emerges on the polar graph. The pattern is indicative

of initial preferred orientation of the graina. For example, delta-

and heart-shaped distributions indicate au original unimodal pre-

ferred orientation and an elliptical shape is & result of deforming

&n  initial random distribution. Ouce the shape of the distribution

if apparent, it is contoured preferably by the methed of Hellis

(Turner and Weisa, 1963). To determine the strain ellipse, we need

to locate & point on the polar graph that was initially circular

{1cP) (Eliiott, 1970; Boulter, 1976; Tobisch and others, 1977). Far

delta pattern, ICP is at the intersection of the dissector and base

of the pattern. ICP is located at the center of elliptical pattern.

Uncertainties for locating the LCP are discugsed by Boulter (1976).

1CP represents the strain ellipse on the polar graph for which &f =

£a. Orientation of the strain ellipse can be directly read from the

reference line on the polar graph using half the polar angle.

Method ¥l ~ {Tobisch and othexs, 1977}

This method adopts a statistical precedure to calculate the
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center of the distribution on a polar graph (method F) of Elliott

(1970) by First converting the polar coocrdinates of all the grains
inte Cartesian coordinates using Equations 15 through 17. In this
method, it is not necessary to identify the pattern or determine the
ICP. After plotting all the pointe on a polar graph by their X and Y
Cartesian coordinates, the center of the distribution is calculated
by averaging the X coordinates {Eqn. 18). The distance in e uynits
from this peint to the origin of the plet is equal to es, from which

Rs can be determined using Equatiomn 19.

; 0.5 In Rfi {15)

2
= Sfi cosd)i {16)

sfi sirubi [G¥D]

in | (18
= e (289 (19)

The statistical way of finding the center of the distribution
discussed above leads to a consiatent overestimation of strain ratie
for the following resson. Holst (1982, p., 34l) indicated that 1ICP
on elliptical patterns of polar graphs, representing deformation of
grains with initially different axial ratio and circular pattern eom
polar graph, 1lies to the left of the center of the elliptical dis—
tribution calculated by the method of Tobisch and other (1977).
Therefore, the distance of the statistical center to the origin of
the polar graph in e units is larger than the distance of actual ICP
from the origin, 1leading to an overestimation of es and therefore

strain axial ratio.
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Method F2 ~ (Method of Bolst, 1982) 226

This procedure is essentially that of Elliett (1970} and
Tobisch and others (1977), Bolst (1982) showed that the percent of
the overestimation of strain axial ratio, using statistical methods
discussed above, increases with increasing Rs, but at a decreasing
rate. To compensate for the error caused by thia effect, he provides
an empirical factor, F, that ranges between 0.87 and 1.00. Rs calcu-
lated by method FiI can be multiplied by an sppropriate value of F,
that c¢an directly be read from his Figure 7, to provide an accurate

measure of two dimensional strain.

Method G ~ {(Method of Robin, 1977)

This method employs strain markers of any shape and aszsumes
that they were initially randomly oriented and strained homogene-
ously. Robin (1977) presented a technique to calculate strain ratio
in a @section that contains grains with various outlines. The pro=

cedure for this gemeral case is not considered here because the

grains wused in this study are elliptical in shape, However, he pro-

vided Equatioms 20 and 21 below to calculate strain ratio ( v/},/v/ga

) using RE and ¢ of elliptical grains.

- 2
agle, = ( (tang; + Rfi)/{Rfi camp"i2 1) 03 (20)

( (Zin afel) /N
Rs = e (21)

This method is straightforward and more objective than the graphic

or statistical methods, &and yields unique results which, aithough
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caleulated in an independent way, are close to those of Shimamota

and Ikedz method.

Hethod B - (Method of Lisle, 1977b; Peach and Lisle, 1979)

The oxigimal Rf/¢ method, first described by Ramsay (1967) and
developed by Dumnet (1969) and Dummet and Siddans (1971), requires
that Rf and 4 of all the grains be plotted on a semi~logarithmic
graph. The plot is then compared to a set of theoretical curves
{Eqn. 3-16 of Dunnmet, 1969) (Equation 3-5) for different values of
Rs and Ri. The best fit library curves of Ra and Ri are taken as the
representative of the axial strain ratio and the isitial axial
ratios of the grains, respectively {e.g. Fig. 3-60). Mo restriction
on the initial axial ratio (Ri) of grains is present im this method.
Bowever, grains are assumed to be initially elliptical with randoem
orientation that deformed howogeneously.

Lisle (1977b) and Peach and Lisle (1979) improved this method
by plotting curves of equal initial axial orientation (6) on the
Bf/4 graphs, Rs is determined by comparing the distribution of the
graiss on the REf/d plot with theoretical curves as described above
except that the best fit is selected by the Chi-Square test. This
f£it is more reliable and objective. To do the test, the harmonic
mean is first calculated and an incremental coaxial reciprocal
strain with its long axis perpendicular to the vector mean of ¢ is
applied using Rs values between H+0.6 and H-2.0 in increments of
0.05. The Rs which produces the most uniform distributior on the

basis of the Chi-Square test is taken as the representative of
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strain in the section. This occurs at the minimum Chi~Square when it

is plotted against Bs {e.g. Fig. 3~60c). This test also providea a

check on the validity of assumptions undertaken by the method.




APPENDIX II ~ METHOD OF THREE-DIMENSIONAL STRAIN

ANALYSIS (RAMSAY, 1967, P. 80)

This method is designed for three-dimensional strain analysis
in. cases where the quadratic elongations of three lines and the
angles between them are known., For this study, the three lines are
the intersections of the three thin sections with the cleavage. The
quadratic elongations are determined from the two-dimensional strain
analysis.

Details of this method are described in progressive steps in
the following paragraphs, At the end, and example, using specimen #

16 is provided,

. 1« Define lines i, 3}, and k parallel to¢ the three intersections of
cleavage with thin section b, ¢, and d, respectively. These are

* * *
parallel to hlb, Alc, and Ald,

2~ Measure angles ¥, B, and Y betweem these lines on the sterecnet,
where o=i < j, p= i <k, and yoi < k.

4
3~ Draw triangle ABC (deformed state) of arbitrary size, sides of which
are chosen parallel to i, j, and k with their correst angular zela-

tionship (Figure APP-1).

4= Calculate the orviginal length of the sides of this triangle (i.e.
a3, BC, and AC) using their correspomding quadratic elongations (Az

) and final lengths (iﬁ, ﬁbﬁ and 56} using the following relation-

229
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Vot - R rt - % LN - %
AB=AB/¢/ Aib , BC=BC/Y Alc , AC=aC/v Ald

5- Draw triangle ABC and plot perpendicular tines {EF, BF, and DF} to
its sides at peints E, F, and D. Use the proportiomality of the two
Y ., PR ’ .
triangles (e.g. AD/DB = AD/DB) and lecate points D, Z, and F onr tri-
L
angle ABC (Figure APP-1).
. . L Is
6= Draw perpendicular lines to the sides of triangle ABC at peints D,
# S
E, and F. Find the angle { (angular shear) between each line and
. 51y 4 . .
lines of DF, BF, and EF. ¥i, ¥, and Yk correspond to the angular
shears of lines i, j, and k, respectively., ¥ is positive if an arrow

. . . . ’ s s
connecting the perpendicular line and each of the lines DF, BF, and

£
EF is clockwise {Figure APP-1b}

7~ Having the quadratic elengations and angulaz shears for i, j, and k,
’ ¢
caleulate ¥, A, and ) for these lines using the follewing relation-

ships:

J=tany , ,\Izlj)x , 7/=.y/l

’,
8~ 0n an orthogonal coordinate system of Arand ¥, plot lines i, i, and

k ag points Pi’ p

j, and P, with the following coordinates:

k

o
Py (A, Vi), R

Vs /
M3, 75y, p Gk, Tk

9- praw the Mohr Circle passing through the three points and find its




center (c).

10- Check the angles P cp., PjcPy, and PjcPy. These should be equal to

29, 2B, and2), respectively,

’
11~ Find the intersections of the circle and the ) axis. These are A1

/s U 7
and X2 (X < X2 ), or values of the reciprocal quadratic elonga-

tions on c¢cleavage.

12- Read the angles subtended between il and lines i, j, and % (28i,
28j, and 20k}. i is the angle between the principal axis of the
longitudinal strain and line i for example. Draw these angles on
triangle Kﬂé as well as on the stereonet. These constrain the direc-

tion of X and therefore Y on the cleavage (Figure APP-1b and APP~2).

13- Caleulate A and A2, hence X and Y and their ratio X/Y¥ om the

cleavage using the following relationships:

/ s
Miw /N, A=l x =Yy . Y=,
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uld be egqual to

Vs
., These are X1

yadratic elonga-—

, and k (201,
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hese angles on
train the direc~

P-1b and APP-2).

io X/Y on the

= /A

An example of 30 strain analvsis using specimen # CS16

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

(from 2D strain analysis)

* =
b

6.1504

7.3984

= 5.0625

The steps used in this example correspond to the ones
in Appendix IL.

where, b, ¢, & d refer to thin
sections.

(from Fig. 3-49, specimen 0518}

a = 902
8 = 46
v o= 44
(see Fig. la)
t1 *
AB = AB/Y Ai = 10/v6.1504 = 4,032
Tt
3C = BC/¥ A;‘ = 10.3//7.3984 = 3.79
1
AC = AC/Y x; = 16.4/75.0625 = 6.4
{see Fig. 1b)
1t =
M 28 2.024413. 224
7 10 + 3.224 =3.1 ,,
DB DB 1.23 = |3 1x.224=6.9 =AD
Tr LI ) "
: = 2.224 DB 3+ 151231 =DE
<
oy 1.39 0.5697+1=1.569
BE_BE. _C 10.3:1.569=6.56
EC  EC  2.44 === |6.56%0.5697=3.74,% B
' e L6.56x1=6.56 = EC
', BE=0.5697 EC
' 3.35 (1.098+1=2.093
LU S 16.452,098=6.86  ,,
FC FC 3.05 > [6,86x1.098=7.54 7,AF

6.8uxi=6.86 = FC
\

AN

'
E




(see Fig. 1)

p=+17° ¢js-zo° g, =~4.7°
¥,#0.305 ¥,==0.36 ¥, ==0.82

X =6.1504 ij= 7.3984 fk= 5.,0625

T=ﬂ.162 730.135 '=0.197
£ £ X
i j k

1 ' r
Y= 6.049 Yj**0.049 Yk=-9'017

(see Fig. 2)

The coordinates of the peoincs i, j, and k on the
Mohr c¢ircle are:

pi{ 0.162,0.049}

pj{0.135,-0.049)
pk(0.197,-0.016)

(sea Fig.

The angle picpj 180 = 2u
The angle picpk & 92.5 ¥ 28  (see step 2 for «,8,Y)
The angle pjepk = 87 <« 2y
{see Fig. 2)
t
A1= 0.098

t
A2= 0.199

1/ 6.098 = 10.2

1/ 0.199 = 5.02




for «,8,7)

Figure APP-l. Triangle construction of three-dimensional
method of strain analysis.
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