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ABSTJ!ACT 

The Golconda allochthon and the subjacent autochthonous Permian 

Diablo Fo·rmation in the southern Toiyabe Range record Paleozoic and 

Triassic depositional and tectonic events that permit partial recon-

struction of the architecture of the local North American continental 

margin in that period. The allochthon consists of moderately- to 

steeply-dipping NNW-striking fault-bounded packets that mainly include 

upper Paleozoic rocks. In general, the lowest packets contain terri-

genous rocks, and hemipelagic, volcanogenic-basaltic, and pelagic rocks 

occur in progressively higher packets. Subordinate packets of lower 

Paleozoic and Lower Triassic rocks occur at the base of the allochthon. 

Serpentinite occurs near the base of the allochthon as clasts in terri-

genous packets and as lenses in packet-bounding faults. 

Five phases of deformation are recognized in the upper Paleozoic 

packets: 1) isoclinal 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 folding, and 5) local 

F4 folding and faulting at the Golconda thrust zone. Deformation of 

lower Paleozoic rocks in the Golconda allochthon occurred partly before 

attachment to the allochthon. The Lower Triassic rocks are less 

deformed than the other rocks in the allochthon. The autochthonous 

Diablo Formation is homoclinal with sporadic mesoscopic folds. An 

east-west component of contraction that persisted through most phases 

of deformation is indicated by the tectonic fabric in upper Paleozoic 
; i 
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Tbe Golconda allochthon may represent an accretionary prism of a 

west-dipping subduction zone related to an intraoceanic island arc that 

existed between the Mississippian and Early Triassic. Opper Paleozoic 

rocks were deposited in the continental shelf and slope, and abyssal 

plain of an oceanic basin that existed east of the arc. The Triassic 

rocks may be interpreted as 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 North ~rica, by accretion. The serpentinites may 

represent oceanic crustal or mantle rocks that were incorporated into 

the allochthon by upward plastic motion along packet-bounding thrusts 

or extensional faults, sedimentary processes, or a combination of 

these. 
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CHAPTER I - INTRODUCTION 

Background 

The s~udy area lies in the southern Toiyabe Range, Nevada, between 

Ophir &nd Marysville canyons (Figure 1-1). The range exposes 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 allochthon and auto

chthon, 2) late Paleozoic and possibly Triassic cover strata (Diablo 

Formation of Speed and others, 1977) that lie unconformably over the 

autochthonous lower Paleozoic rocks, and 3) the Golconda allochthon, 

which includes different packets of sedimentary and volcanic rocks of 

early and late Paleozoic and Early Triassic ages. The pre-Tertiary 

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

McKee, 1976) and covered by volcanic rocks (Ferguson and Cathcart, 

1954; Kleinhampl and Ziony, 1967). 

This dissertation focuses mainly on 1) the Golconda allochthon and 

its fault-bounded packets that include varied upper Paleozoic oceanic 

facies (Pablo Formation of Speed, l977a; Table 1-1), lover Paleozoic 

hemipelagic rocks, and terrigenous Triassic rocks, 2) the upper Paleo

zoic Diablo Formation (Speed and others, 1977; Chapter 2), and to a 

lesser degree 3) the autochthonous lower Paleozoic rocks immediately 

below the Golconda thrust. 

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

{Speed, 1982) •..ras defined in central Nevada as the cause of folding and 
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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 lack of 

associated magmatism, metamorphism, and severe deformation of the lower 

plate of the Golconda thrust (Speed, 1979). 

The Golconda allochthon, the upper plate of the Golconda thrust 

(Speed, 1971b) crops out 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 Pablo Formation (Ferguson and Cath-

cart, 1954; Speed, 1977), the Schoonover complex (Miller and others, 

1982), and the Willow Canyon Formation (Laule and others , 1981). The 

lithology, age, and contacts of these assemblages are described briefly 

in Table 1-1. 

The upper Paleozoic rocks of the allochthon are interpreted as 

deep ocean floor deposits (Speed, 1971; Silberling, 1973; MacMillan, 

1972; Speed, 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, Lowhoc-

tenium {Stewart and others, 1977), occurs at places. Other upper Paleo-

zoic rocks of the allochthon include volcanogenic turbidites and ser-

pentinite bearing siliciclastic sedimentary breccia. 

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

tain northwest through Edna Mountain to the west side of the Sonoma 

Range. There, it superposes the so-called Pumpernickel and Havallah 

Formations (Ferguson and others, 1951, 1952; Muller and others, 1951; 

Silberling and Roberta, 1962), now called Golconda allochthon (Speed, 

197lb), over upper Paleozoic carbonates and siliciclastic rocks and, in 

places, lower Paleozoic rocks of the Roberts Mountains allochthon. 

Based on the apparent continuity, thrust relationships, and lithic 

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

the Golconda allochthon (Table 1-1) in northern Nevada, Speed (197lb) 

extended the Golconda thrust south of 39°, 270 miles south of its type 

locality. He redefined it as a single, laterally continuous fault 

except for Tertiary disruptions that juxtaposes rocks of different 

lithology and deformation. 

The Golconda thrust is recognized in the study area by the tee-

tonic juxtaposition of folded and faulted upper Paleozoic oceanic rocks 

and, locally, lower Paleozoic and Triassic rocks over the homoclinal, 

partly coeval shallow marine Diablo Formation and the rocks of the 

Roberts Mountains allochthon. The thrust is a regionally mappable sur-

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

characterized in places by the existence of many local 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 Toiyabe Range are correlated with the 

allochthonous upper Paleozoic rocks of the Ravallah sequence and Antler 



7 sequence in northern Nevada, respectively (Speed, 1977a; Speed and oth-

era, 1977). 

Silberling and Roberts (1962), Speed (197lb), and Silberling 

(1973, 1975) proposed on the basis of the unconformable superposition 

of rhyolitic and clastic rocks of the Permian (?) and Early Triassic 

Koipato Group oU the Golconda 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 

alkalic and siliceous ash flow tuffs of the Koipato 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 allochthon occurred in Early 

Triassic time in the New Pass Range, where the allochthon lies with 

angular unconformity under upper Lower Triassic conglomerate. Speed 

(197lb) constrained the emplacement of the allochthon between early 

Early Triassic and late Early Triassic using the ages of the youngest 

rocks overrun by the thrust and the oldest cover strata that may be 

correlated across the Golconda thrust, respectively. 

Despite the apparently well established Late Permian-Early Trias-

sic age of the Golconda thrust (Speed, 197la; Silberling, 1973, 1975}, 

the contemporaneity of the thrust with the Sonoma event has been ques-

tioned by K.B. Ketner (Pers. comm., 1982), and a Jurassic-Cretaceous 

age for the thrust is proposed. According to him, the Sonoma and the 

Golconda thrust are tectonically unrelated events of different ages, He 
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believes that the rocks of the Golconda allochthon (Havallah sequence) 

were deformed at an unknown 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 1 s reasons 

for the above propositions are as follovs (R. B. Ketner, Pers. comm., 

1982; Retner, 1982): 1) assignment of a deep water turbidite origin for 

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

water origin for Triassic rocks overlying the Havallah sequence west of 

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

water Triassic rocks to the west are out of place and 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 sedimentary contact across the Golconda thrust. Ria 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 allochthon, was emplaced over folds of Jurassic or 

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

of widespread , thick, and coarse orogenic sediments of Cretaceous to 

Eocene age in Nevada. 

A considerable literature entertaining origins of the Golconda 

allochthon by plate interactions has appeared in recent years (Moores, 

1970; Burchfiel and Davis, 1972; MacMillan, 1972; Speed, 197la,b, 1974, 
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1977b, 1978, 1979, 1983; Silberling, 1973, 1975; Dickinson, 1977i Poole 

and Sandberg, 1977; Snyder and Brue~kner, 1983). Although an arc-

continent collision bas been applied as a basis to model and interpret 

the late Paleozoic-Early Triassic events, timing. paleoge.ography, and 

subduction zone polarity have been matters of dispute. Almost all work-

era agree on the idea that in Permo-Triassic time, the rocks of the 

Golconda allochthon were thrust onto the continental margin of the 

western United States. There are basically two major 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 zone (Speed, 1977b, 1978, 197 9; Snyder and 

Brueckner, 1983). In 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 margin of 

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

~A!£~ - This model assumes that the rocks of the allochthon 

were deposited in a local back arc basin of a subduction zone 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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Statement 21 the problem 

The study area is one of two locations with extensive exposures of 

the Golconda allochthon in southern Toiyabe Range, the other being 

between Jett and Feavine Canyons (R. C. Speed unpub. data 1971-3). Only 

meager exposures of the allochthon exist farther south in Candelaria 

(R, C. Speed, pers. comm., 1983). Despite its geographically signifi-

cant location, the thesis area baa had only few detailed investigations 

(Speed, 1977a; Speed and others, 1977; Speed and McKee, 1976; R. C. 

Speed and J.R. MacMillan unpub. data, 1971-7). 

Many unresolved problems remain related to the Golconda allochthon 

that are critical in understanding the tectonic history and paleogeog-

raphy of the western United States during late Paleozoic and Early 

Triassic times. In the study area, these problems include the follow-

ing: 

1. Late Paleozoic paleogeography of western margin of North Ameri-

can continent in what is now Nevada: the study area lies near to the 

buried edge of sialic Precambrian North America, as is indicated by 

strontium isotopic ratios and gravity gradients (Kistler and Peterman, 

1978; Cogbill, 1979; Speed, 1982b; Figure 1-2). The edge may represent 

a preserved segment of the Precambrian-Cambrian passive margin of the 

western North America (Stewart, 1972). The isotopic 0.706 contour 

coincides approximately with the westernmost outcrops of autochthonous 

Paleozoic rocks of outer-shelf facies (Speed and Sleep, 1982). After 

the Precambrian rifting, rocks of the Roberts Mountains allochthon were 
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deposited 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 Sleep, 1982) which were deformed and emplaced into the 

allochthon during the Antler event (Roberts, 1951) between Devonian and 

Mississippian. 

After the eastward displacement of the Roberts Mountains thrust, a 

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

received sediments between Mississippian and Permian or Triassic. Unk-

nown are the location, age, extent, and nature of the basin in which 

the upper Paleozoic rocks of the allochthon were deposited; the loca-

tion and configuration of the continental shelf and slope; and the 

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

2. Structure and tectonics of the Golconda allochthon: general 

architecture geometry of fault-bounded packets in the allochthon; 

kinematics and mechanism of tectonic processes responsible for folding, 

thrusting, and stacking of packets in different deformation phases; 

direction and magnitude of tectonic transport and strain; eff~cts of 

Mesozoic and Cenozoic deformations on the Golconda allochthon. 

3. History of the allochthon: time of deposition of the rocks in 

the Golconda allochthon and autochthon; 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 Paleozoic, and Triassic packets to the allochthon; age of the 

Golconda thrust. 
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4. Serpentinite: origin of the serpefitinites that occur in fault 

slices 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 tectonic 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 allochthon; their relation to the 

encroachment of the allochthon and nature o£ the continental margin; 

and where they were derived from4 

Methods of study 

To achieve an improved understanding and solutions to the 

aforementioned problems related to the Golconda allochthon, the study 

included detailed field mapping and description of rock types and their 

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

and measurement of tectonic fabrica4 The structural data were reduced, 

modeled, interpreted, and combined with the sedimentologic, petro-

graphic, and paleontologic data to evaluate the sequential processes 

during the development and emplacement of the allochthon. 
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CHAPTER 2- TECTONOSTRATIGRAPHY OF THE GOLCONDA ALLOCHTHON 

IN THE STUDY AREA 

Introduction 

this Chapter describes the architecture, lithology, age, mechanism 

of deposition, and depositional environment of the rocks in the upper 

plate, and to a lesser extent, lower plate of the Golconda thrust. 

Ihe Golconda allochthon, in the study area, is composed of 16 

fault-bounded packets with a general north-northwest trend. Each 

packet, indexed by a number, includes one or more lithic units (Table 

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

within the allochthon with distinct lithology, age and boundaries. 

Although unit contacts may be depositional, they are commonly faulted, 

such that unit and packet boundaries coincide. Lithic units are indexed 

on the map by a letter that identifies their interpreted depositional 

character (e.g., h, for hemipelagic, Table 2-1), followed by a number 

that indicates their structural position in the allochthon (e.g. tl, 

t2, t3); smaller numbers indicate lower structural positions (Table 2-

1, 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 litholo-

gic, structural, and in places, age discordance, by the occurrence of 

fault slices of carbonated serpentinite, by the presence of local 

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

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

14 
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are in general moderately to steeply dipping (Figure 2-3) and except 

lower in the allochthon 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 lower ones, and continue with almost the same lithology, 

though not necessarily the same age, for distances of at least 9 km. 

Among upper Paleozoic rocks, packet~ with volcanogenic and pelagic 

rocks make up the hulk of the Golconda allochthon in that order. Upper 

Paleozoic hemipelagic rocks, although more extensive than terrigenous 

rocks, occur in narrower and less continuous packets relative to 

pelagic and volcanogenic rocks. 

Figure 2-3 shows cross sections 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 section for each transect, packets 

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

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

folded during syn-thrust F2a event (Chapter 3). Packets contain lithic 

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

an east to west traverse. moving structurally upsection, rock types 

change from mainly terrigenous to hemipelagic, volcanogeaic, pelagic • 

and finally to volcanogenic. 

11 specimens from different parts of the allochthon have yielded 

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

L. Jones, 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-

ails in all the packets of the allochthon during this study. Deposi-

tiona! ages of lithic units fall into three groups; I) upper Paleozoic, 

II) lower Paleozoic, and III) Triassic. The 11 ages, although not 

enough to define an age gradient in the allochthon if it exists, indi-

cate nevertheless, that all the four different major lithic associa-

tiona, despite their different structural positions, have overlapping 

ages that span a period between Mississippian and Permian. 

Tbe autochthonous rocks under the Golconda thrust include the Per-

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

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

and Ziony, 1967). The rocks unconformably overlying the allochthon 

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

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

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

of the Golconda allochthon in the study area are described in the fol-

lowing sections. 

Allochthonous rocks 

l) ~ Paleozoic rocks 

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

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

volcanogenic, and 4) pelagic, The relationship between packets, lithic 

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

urea 2-1, 2-2, and 2-3. The ordered succession of lithic types 
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mentioned before, reflect different depositional processes and settings 

which when combined can provide information on the depositional 

environment. In the following paragraphs, a comparison of these by 

lithology, age, structural position, and depositional mechanism and 

environment is given. An interpretation for the regional environment of 

deposition is given in Chapter 4. 

l} Terrigenous ~ 

The terrigenous rocks occur in units tl, t3, thrust zone unit 

(tzu), 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 these units is a polymict sedimentary breccia that contains 

angular clasts as coarse as boulder and, in places, megaclasts as large 

as 40 meters. 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 in unit t3 

and t4 is smaller than that in units tl, tzu, and tS. 

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

largest, and chert, sandstone, and pelite, the smallest. The quartzite 

clasts are lithologically similar to those in the thick Cambrian Gold 

Hill Formation (Kleinhampl and Ziony, 1967) that occur below the Gal-

conda thrust north of Summit Canyon (Fig. 1-1) in the study area. More-

over, clasts of limestone and pelite are similar to lower Paleozoic 

rocks of the Palmetto Formation (Kleinhampl and Ziony, 1967) in the 
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26 
autochthon. Ordovician and Pennsylvanian ages, determined from the 

limestone clasts (Table 2-1 & 2-2), support this correlation. 

In the finer grained rocks such as sandstone, bedding, although 

better defined, is not continuous more than few meters, and is over-

printed by a tectonic foliation which is defined by a planar orienta-

tion of flattened chert and quartzite grains. The polymict breccia is 

massive and, locally, where clasts are of smaller size, contains an 

anastomosing foliation which wraps around the grains. Matrix is non-

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 unit tzu, 

cataclasized at their rims. Both fine and coarse-grained rocks are 

intensely deformed as evidenced by the penetrative tectonic foliation 

and flattened clasts in finer grained parts, and by boudinaged clasts 

and folded contacts of the large 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 positions (to the east) relative to 

the finer grained rocks of unit t3 and t4 and are in fault contact with 

recognized or inferred lower Paleozoic rocks (Figure 2-1). The contact 

of t5 and lower Paleozoic (?) rocks (h6) is probably unconformable. 

Units t3 and t4, on the other band, are in depositional or fault con-

tact with hemipelagic and volcanogenic upper Paleozoic rocks such as 

those in units h5 and vl. There is a gradational contact between unit 

t3 and hS. This contact is characterized by gradual change of medium 
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Table 2-3. Lithology and age of terrigenous lithic units. 
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to coarse-grained chert-quartzite sandstone of unit t3 to interbedded 

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

unit h5 that farther west grades into unit h5. Unit hS, mainly chert 

and petite, contains minor thin interbeds of sandstones which disappear 

higher i~ the section. 

In addition to the serpentinite clasts in the terrigenous rocks 

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

even beyond these extremes, tectonic lenses of serpentinite occur along 

packet bounding faults; serpentinite lenses 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. The fault-zone serpentinites occur mainly at boundaries of pack-

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

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

continue on 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 also in the autochthonous lower Paleozoic 

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

tionship between the clastic and fault-zone serpentinites: 1) both were 

supplied from the same source through sedimentary or tectonic means, 

respectivelyi 2) the two serpentinite types have different sources; and 

3) all 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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30 
one another. Possible origins and modes of emplacement of both of the 

serpentinites 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-

sive sedimentary breccia and sandstone, pebbly mudstones, and mega-

clasts, suggest transportation by mass flows probably near a slope-base 

(Stanley and Unrug, 1972; Walker and Mutti, 1973). This interpretation 

is further supported by their chaotic texture, poor sorting 1 and high 

content of poorly sorted matrix which characterize slope-base sedi-

menta. The angularity and large size of the clastsJ and the limestone 

and pelite clasts suggest slope instability and downslope movement 

(Stanley and Unrug~ 1972) and short distance of transportation, respec-

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

deeper and less steep areas. The depositional site should have been 

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

plied the clasts of all sizes and lithologies. 

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

ferent facies of a sub-sea fan (Normark, 1970, 1974; Nelson and Kulm, 

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

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

lowest, and geographically the easternmost units of the terrigenous 

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

are characteristically in fault contact with allochthonous lower 
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Paleozoic packets. Units t3 and t4, on the other hand, are bedded, 

graded, better sorted, and finer grained, and lie at higher structural 

positions, west of unit tl and tzu. The coarse-grained units tl and tzu 

are 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 Normark (1970, 

1974) and Nelson and Nilson (1974) of sub-sea fans. Units tl, tzu, and 

tS, are interpreted aa inner fan sediments, which were probably derived 

from the walls of canyons that cut the slope, exposing lower Paleozoic 

rocks. Rocks that probably represent middle 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 this interpretation are Bouma ab divisions, and high 

sandstone/shale ratio. Stratigraphically upsection in t3, the dominant 

rock type is pelite. Here, sandstone 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 gmaller sand bodies 

relative to pelite. These rocks grade further upsection to hemipelagic 

rocks of unit h5 with sporadic medium to coarse-grained, graded, and 

lenticular sandstones. 
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These include units h4, h5, h7, and h8 that occur at structurally 

higher levels than the terrigenous 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 em, and a mode between 10 and 20 em. Pel-

ites are more abundant than chert. Chert beds with thin pelite 

interbeds, however, are lo~ally dominant. Slates contain very fine 

sand and silt quartz, and minor chert and quartzite grains. 

Bedding is well defined and is continuoua where pelite is inter-

bedded with chert. A penetrative slaty cleavage overprints bedding in 

petite. Graded chert-quartz sandstones, laterally continuous only for 

distances of less than 10 meters, occur sporadically in unit h8 as thin 

(less than 10 em) interbeds with pelite. Sandstones are more common at 

the basal gradational contact of unit h5 with t3. Sandstones contain 

chert, quartz, and minor quartzite grains which were highly flattened 

during formation of the cleavage (Chapter 3). The upper contact of the 

upper Paleozoic hemipelagic rocks is with volcanogenic rocks. Lower 

Paleozoic rocks of packet 5 and 9 were thrusted into the allochthon 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 mainly bedded chert and pelite and 

minor and thin terrigenous chert-quartz 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 content 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 terrigenous rocks. 

The hemipelagic rocks were probably deposited in the abyssal plain 

(Bouma and Hollister, 1973) of an ocean basin because of 1) continuity 

of bedding in chert, 2) uniformity in size of quartz aand and silt 

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, biogenic ooze, and terrigenous debris which 

were probably transported 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 deposition of the terrigenous rocks 

at the slope-base and distal turbidites in the abyssal plains of the 

ocean basin. 

l) volcanogenic rocks 

Units vl. v2, and v3 mainly constitute volcanogenic sedimentary 

breccia and sandstone, chert, pelite, and volcanic rocks. These rocks 

occur in packets structurally higher than the terrigenous and hemi-

pelagic rocks of the allochthon (Figure 2-1). 

The breccia is massive, poorly sorted, and contains various types 

of clasts that float in a sandy volcanogenic matrix. Clasts include: 

1-15 em long, angular to subrounded, green, red, milky, and gray chert; 

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

grained volcanogenic sandstone; sparse, large (20-100 em), subrounded 

to rounded blocks of light brovn crystalline limestone; red jasper; and 

igneous rocks. The igneous clasts in the breccia are of two different 

types: "volcanic and coarser grained granitic rocks. The volcanic rocks 

are porphyritic and contain lath-shaped sericitized plagioclase cry-

stals with common polysynthetic and Carlsbad twinning, and chloritized 

and serpentinized clinopyroxene and hornblende phenocrysts in a fine 

matrix. Plagioclase crystals are mainly bytownite, oligoclase, and 

andesine, as determined by the Michelle Levy method. Granitic clasts 

are large (1-100 em) and contain a considerable percentage of quartz 

crystals, alkali feldspars with gridiron twinning. and chloritized 

muscovite. 

Volcanogenic sandstones are poorly sorted, very fine to coarse-

grained, light 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 vitb volcanogenic sandstone and chert pebbles and sporadic convo-

lute and slump structures. Bedd€d red cherts contain radiolaria and 

yield late Paleozoic ages {Table 2-2). 

Bedding is 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 lithological and textural variations in 

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

indicating folded beds, 

Volcanic rocks make up the bulk of the volcanogenic-basaltic pack-

eta and include pillowed, massive, and porphyritic basalts, Pillows 

range in size between few centimeters and a meter. Units vlb, v2b, and 

p2b are the largest exposures of volcanic rocks in the volcanogenic 

packets (Figure 2-1). However, volcanic rocks occur in many other parts 

of these packets. The contact of the basalts with volcanogenic sedimen-

tary rocks is probably faulted depositional4 Two chemical analyses of 

the pillow basalts in Pablo and Jett Canyons, about 20 km south of the 

study area 1 by Speed (1977a) relates them to oceanic basalts except for 

their unusual high soda content. 

In general, all structurally higb packets of the Golconda allo-

chthon are either dominantly volcanogenic or at least have volcanogenic 

lenses. Unit vl is in fault contact with pelites and cherts of the 

structurally lower hemipelagic unit h5. No volcanogenic rock exists 

east of unit vl in the allochthon. Unit v2 is structurally overlain by 

pelagic rocks which include minor volcanogenic sandstone. Higher in the 

allochthon are volcanogenic sedimentary rocks of unit v3. 

Depositional environment - Chert and pelite were apparently deposited 

with breccia and sandstone and locally resedimented in them as indi-

cated by their presence both as interbeds and clasts in these rocks. 

Clasts of chert and igneous rocks also occur in pebbly pelites that 

interfinger with the sedimentary breccia, indicating local resedicenta-

tion of mud and breccia. Green rims around red chert clasts in the 
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The large size of chert and pelite clasts in the breccia suggests 

a short transportation path and that they were probably intraclasts 

derived from walls of local channels. Moreover, where in contact, 

granitic igneous clasts penetrate the adjacent chert clasts in the 

breccia, indicating that the chert clasts were relatively soft when 

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

bedded chert and pelite with clasts of volcanogenic sandstone, large 

chert clasts in the breccia contain lenses of fine to ~edium grained 

volcanogenic sandstone, indicating that pelite and chert were deposited 

and resedimented with the volcanogenic debris. 

Deposition in submarine canyons or channels, probably by turbidity 

currents (Walker and Mutti, 1973; Mutti and Ricci-Lucchi, 1978, Middle-

ton and Hampton, 1976) is suggested by l) 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 lithological varia-

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

structures at the base of the poorly sorted massive sandstones and 

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

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

from channel ~alls. The Bouma division a indicated by the massive 

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

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

ites are the most common in the volcanogenic rocks. 

The occurrence of radiolarian chert and red pelite suggests that 
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the volcanogenic sediments were deposited on ocean floor. 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, becau.se of the unknown age and contact nature of these 

basalts, this interpretation in uncertain. 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 site, that 

had access to the basin, probably through channels or submarine canyons 

possibly feeding a subsea fan. The presence of conduits is suggested 

by the occurrence of resedimented coeval intraformational chert and 

pelite clasts in the breccia and lateral variation of coarse breccia to 

finer grained sandstone. The breccia is therefore interpreted as sub-

marine channel fill deposit. Radiolarian 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 magmatic source area, and probably support the idea 

that the deb'ris did not travel far. The carbonates may have been shal-

low marine deposits surrounding emergent volcanoes 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 volcanic 

clasts, 2) Na-plagioclase rich volcanic clasts. An extensive arc ter-
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rane, wes~ of the Golconda allochthon, has been recognized by Speed 

(1977b). The arc terrane is mainly covered by Mesozoic and Cenozoic 

strata that permit fev exposures at Mina, Black rock Desert, Humbolt 

Range, and Union District among other regions in northwestern Nevada 

(Speed 1977b). The rocks of the arc terrane are mainly mafic volcanic 

and arc-derived sedimentary rocks 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 <87srt 86 sr) for Meso
o 

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

1973; Kistler, 1974; Speed, 1977b). The Sr isotopic ratio for these 

rocks in the arc terrane ranges between 0.704 and 0.706, typical of 

island arc lithospheres, reflecting the composition of the mantle where 

magma was generated (Kistler and Peterman, 1978; Speed, 1977b). The 

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

west, respectively (Speed, 1977b); Figure 1-2). 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 trend of the Golconda allochthon and is 

deflected to the west in 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 decrease 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 (l977h) report the 

presence' of granodiorite and quartz monzonite clasts in the rocks of 

the arc terrane in this area. No granitic rocks older than 202 my (Mid-

dle Triassic), which is apparently younger than the andesitic unit, 

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

1971; McKee and Silberling, 1971; Speed, 1977b). Based on this and the 

paucity of granitic clasts in Triassic conglomerates above the andesi-

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

tic rocks. 

Granitic clasts are common in coarse-grained upper Paleozoic vol-

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

occur with mafic volcanic clasts of probably andesitic composition. 

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

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

arc provenance as suggested by their petrography as described 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 individual beds of turbidites. The 

age of the resedimented volcanogenic rocks is the youngest among other 

rocks of the allochthon (Table 2-2) and ranges between Pennsylvanian 

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

tural positions except relative to unit v3 (Figure 2-1). They are 

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

in the hemipelagic rocks. 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 milky chert. Chert is interbedded with thin 

(0.1-1 em), red and, less commonly, light gray pelite and ~ed jasper. 

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

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

and siltstone. The volcanogenic beds have erosional bottoms in the 

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

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

Unit p2a is among the most extensive packets of the Golconda allo-

chthon • 

Unit p2b is exclusively dark massive basalt and is probably a 

thrust sheet. Unit p2c includes interbedded pebbly polymict breccia and 

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

chert, fine sand to gravel, angular 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 petites are converted into meta-chert with quartzitic tex-

ture, and silicified meta-pelite. The effect of metamorphism diminishes 
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Depositional environment - The mainly homogeneous and continuously 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 ~nit p2b may suggest active 

volcanism and fumaroles in the depositional site. Such interpretation 

can be false given the faulted nature of the basalts. The presence of 

sporadic channelized volcanogenic sediments in pelagic rocks indicates 

that the depositional basin was open to the influx of fine-grained vol-

canic debris, probably from the same source that fed the lithic units 

of the volcanogenic rocks as suggested by their similar lithology and 

age. 

Despite their overlapping ages with the volcanogenic rocks, the 

pelagic rocks should have been deposited in part of the oceanic 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 volcanogenic sequence (Table 2-1}. This 

probably means that during the Mississippian or Pennsylvanian, the 

depositional basin of the pelagic rocks was remote from turbidite 

sources. 

The massive basalt of unit p2b is interpreted as a slice 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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Facies analvsis among ~ Paleozoic rocks 

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

major lithic types in the upper Paleozoic packets of the allochthon. 

This Table indicates a systematic geographic and structural distribu

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

the allochthon, include the coarsest grained terrigenous clastic rocks 

that may represent slope-base, inner, and middle fan accumulations. 

Clasts 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 ocean plain or outer fan 

equivalent to the terrigenous rocks. Farther west and structurally 

higher in the allochthon are volcanogenic and pelagic rocks that 

represent ocean floor deposits and distal equivalents of the terri

genous deposits. The volcanogenic debris were most probably supplied 

from an arc terrane which was located to the west of the oceanic basin 

as discussed before. 

Because the four upper Paleozoic lithic suites have an ordered 

structural position in the Golconda allochthon, and because their ages 

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

regional depositional environment that prevailed during late Paleozoic. 

Since paleomagnetic data is not available for the Golconda allochthon, 

its translation and rotation with respect to the underlying Roberts 

Mountains allochthon and the North American continental crust is unk-

nown. Ho~ever, unique ties exist between clasts in the lower terri-

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

porting evidence relating the depositional environment to the North 

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

the Diablo Formation under the Golconda 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 isotopic ratio contour and 

the trend of the allochthon, and 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. 

ll) ~ Paleozoic ~ 

These include lower Paleozoic units bl, h6, 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, light brown, 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., 

h3, h5, and b8), their thin-bedded limestone and organic pelite allows 

them to be distinguished and allied with the lover Paleozoic rocks 

below the Golconda thrust. Ordovician conodonts in two limestone 

interbeds support this interpretation (Table 2-1). Bedding is well 

defined and is continuous in these rocks. Petites of unit h6 show two 

generations of cleavage; a slaty cleavage and a younger spaced cleavage 
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Packet 9 contains subunit t5 which resembles allochthonous upper 

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

(Table 2-3). The contact of t5 and h6 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-

rigenoua upper Paleozoic rocks which was either deposited unconformably 

and (or) thrusted over lower Paleozoic rocks of unit h6 or a combina-

tion of these. 

Unit hl, h4, and h6 can be interpreted as hemipelagic because of 

their content of chert, limestone, and terrigenous sandstone interbeds. 

Unit hl is allochthonous because of its tectonic position above the 

Golconda thrust, emplacement above upper Paleozoic autochthonous Diablo 

Formation, and its highly tectonized contact with unit t3. Unit h4 and 

h6 are clearly allochthonous because they lie between packets of upper 

Paleozoic rocks in the allochthon. These rocks and probably their over-

lying upper Paleozoic rocks of unit t5 were incorporated into the allo-

cbthon in the final stages of its emplacement as is suggested by their 

low structural positions (Chapter 3). 

III) Triassic and Triassic (?) rocks 

These include clastic rocks that occur at low structural positions 

in the Golconda allochthon at Marysville Canyon (Fig. 1-1). They occur 

in the fault hounded unit t2 vhich lies between packets of upper and 

lower Paleozoic rocks. The Triassic rocks are calcareous fine to pebbly 
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sandstone, pebbly conglome~.·ate, and brf!ccia with quartz, red and gray 

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

and subangular volcanic clasts. Other rocks include massive chert and 

calcareou~ mudstone. 

The limy and sandy mudstone are bioturbated 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 cleavage in these rocks in contrast to sandstones 

with almost the same lithology in other units of the allochthon (e.g., 

b5, 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. 

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

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

Triassic rocks and unit t3 (Figure 2-5). These serp~ntinite bodies are 

typical of tb~ust contacts of many packets at low structural positions 

(Figure 2-5, Plate 1). However, they occur also 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 allochthonous because 

they occur between allochthonous packets of upper and lower Paleozoic, 

and because their boundaries with these two packets include tectonized 

serpentinite. The major differences between Triassic and upper Paleo-

zoic rocks in the allochthon are in the carbonate content and lack of 
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The Triassic rocks vere deposited in a basin which received vol

canogenic, chert, carbonate, and serpentinite debris. The angularity of 

the clas.ts suggest proximity of the depositional 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 allo

chthon and its relative autochthon. An interpretation for the environ

ment of deposition is discussed in Chapter 4. 

Unit t6 

The westernmost outcrops of rocks unconformably below Tertiary 

volcanic rocks are pelitic and fine to coarse detrital rocks of unit 

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

well-sorted, and thin- to thick-bedded (1-70 em, and a mode of 20 em} 

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 milky 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 granitic pluton. 

The contact of unit t6 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 and structurally high units of the allochthon. Three 
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alternative origins of unit t6 are as follows: 

1- Unit t6 is a young autochthonous deposit which was laid down after 

the emplacement of the allochthon in the Mesozoic or Tertiary and 

before the intrusion 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 forenrc basin if they prove to have overlapping ages with 

lower packets of the allochthon. 

3- Unit t6 is part of the Golconda allochthon and an accreted packet 

which was emplaced in early stages of development of the allochthon 

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

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

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



Autochthonous rocks 
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the lower plate of the Golconda thrust includes lower Paleozoic 

rocks (lPz) and the Permian Diablo Formation (Pd) (Figure 2-1). The 

allochthon is overlain to the west by Tertiary volcanics (Tql) and pos-

sibly by clastics of unit t6. Except possibly for unit t6 which was 

described in the previous section, other cover strata and autochthonous 

rocks are described in the following paragraphs. 

Autochthonous lower Paleozoic rocks (lPz) 

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 calcareous pelite, calcarenite, 

thick-bedded medium gray petite and chert, gray crystalline limestone, 

fine-grained quartzite, and conglomerate with meta-chert, limestone, 

and calcarenite clasts. Clasts in the breccia are touching and, in 

places, floating in a metamorphosed biotite-bearing matrix. Other 

rocks include dark pelite and greenish gray massive and porphyritic 

basalt vith plagioclase phenocrysts. A large serpentinite body, similar 

to the fault-zone serpentinites in the Golconda allochthon, occurs in 

this unit in Wisconsin Canyon. In Summit Canyon, the autochthonous 

lover Paleozoic rocks are mainly gray, fine-g~ained, massive or thick-

bedded quartzite. They have been mapped as Camb~ian Gold Hill Formation 

and Cambrian-ordovician Palmetto Formation by Kleinbampl and Ziony 

(1967). 
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Autochthonous Diablo Formation (Pd) 

This unit lies immediately under the Golconda thrust in Ophir and 

Wisconsin Canyons. It was first assigned to the Diablo Formation by 

Ferguson and Cathcart (1954) in the Toiyabe Range, because of its 

mainly coarse chert-clast lithology and fossils that correlate with the 

Diablo Formation in the Candelaria Rills (Speed and others, 1977). The 

Diablo Formation of Ferguson and Cathcart (1954) is divided into eight 

structurally 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 Golconda thrust. 

The other two (their units dl and d3) rest with erosional contact over 

lower Paleozoic rocks. Rocks assigned to the Diablo Formation in the 

study area are equivalent to unit dl of Speed and others (1977) which 

lies under the Golconda thrust. 

No fossil has been found in the study area in these rocks. How

ever, partially correlative autochthonous Diablo rocks in Pablo and 

Jett Canyons, 20 km to the south, have yielded fairly late Permian 

(possibly Wolfcampian to Guadalupian) fossils (Speed and others, 1977). 

These rocks are characteristically homoelinal and lie between 

highly deformed rocks of the Golconda allochthon above and lower Paleo

zoic autochthonous rocks below. The contact of the Diablo Formation and 

lower Paleozoic rocks is unconformable (Speed and others, 1977) • 

Lithology of the rocks in the Diablo Formation is as follows: gray, 

plane-laminated, medium- to coarse-grained quartz- and quartz-chert-

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

plane-laminated pebbly and well-sorted calcarenite; and marble. The 

breccia and sandstone have erosional contact, and both are tectonically 

foliated (Chapter 3) by the preferred planar orientation of the clasts 

that is parallel to an anastomosing foliation in the matrix4 The folia-

tion is homoclinal and parallel to bedding. These rocks are silicified 

probably due to the thermal effect of the neighboring Ophir pluton. A 

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

Depositional environment - Disharmonic syndepoaitional folds (Chapter 

3) occur in the calcarenites south of the Ophir Canyon, suggesting 

slumping in an unstable depositional site. Lamination 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 Paleozoic rocks to the east. The main difference between auto-

chthonous Diablo Formation and 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-t reflecting their different 

depositional environment. 

Speed and others (1977) assign a shallow stable marine (outer 

shelf) environment for this unit mainly on the basis of its correlation 

with their unit d3 in Pablo and Jett Canyons, where broken bivalves are 

common, and because of the presence of well-bedded carbonates and sand-
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Rocks of this unit (Ferguson and Cathcart, 1954; Speed and McKee, 

1976; Laine 1977} overlie unconformably most of the Golconda allochthon 

on the western flank of the Toiyabe Range (Figure 2-1). It includes 

partly w'elded crystal- and crystal-pumice-ash flow tuff that give a 

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

The crystals consist of quartz, feldspar, biotite, and hornblende, and 

constitute 35% to 60% of the rock, whereas pumice varies between 0% and 

15% and is devitrified (Laine, 1977). It is believed that rocks of Toi-

yabe quartz latites were deposited after a period of Early Miocene cal-

dera formation, intrusion, and volcanism (Speed and McKee, 1976; Laine, 

1977). 

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, ~ocks of the autochthonous Diablo Formation 

(Pd), lower Paleozoic (lPz), and allochthonous units are metamorphosed 

at their contacts with granitic rocks of the Ophir 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 

biotite (Speed and HcKee, 1976). A 42 my K-Ar date has been obtained in 

the present study in the lower (eastern) part of the pluton. 

The relationship between Ophir pluton and Toiyabe quartz latites 

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

an undated granitic pluton in upper Ophir Canyon. 



CHAPTER 3 - STRUCTURAL GEOLOGY OF THE GOLCONDA ALLOCHTHON 

IN THE STUDY AREA 

Introduction 

In this Chapter, structural data from all rocks of the Golconda 

allochthon, Diablo Formation, and to a lesser extent, autochthonous 

lower Paleozoic rocks are discussed. Interpretation of the kinematics 

of deformation is given in Chapter 4. 

At least 5 phases of deformation are detected in upper Paleozoic 

packets (Chapter 2) of the Golconda allochthon in the study area (Table 

3-1). The first (Dl) consists of close to isoclinal folds (Fl) of bed

ding mainly recorded by isolated hinges and boudins of chert in slate 

and by axial plane slaty cleavage· (Sl). The second (D2) involves 

thrusting and stacking of - the folded rocks and is evidenced by the 

existence of packet-bounding faults (Chapter 2) that cut across Dl 

structures. The third phase (D3) includes F2a folds deforming cleavage, 

bedding, and packet-bounding thrusts with half-wavelengths of at least 

200 meterso Such folds are detected by the regional variability of bed

ding and cleavage and by a macroscopic fold in packet 7 in Ophir and 

Wisconsin Canyons. D3 also includes local F2b folds that occur at a 

thrust zone between packet 7 and 8. D4 involves F3 folds including 

kinks in pelite and related folds with round profile in interbedded 

thin chert and petite. Undeformed kinks occur together with refolCed 

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 local faults, 

are related to the latest deformation (DS) 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 Triassic rocks within the allochthon 

differ in lithology (Chapter 2) and structure compared to the upper 

Paleozoic rocks. Isoclinal folding is indicated in the lower Paleozoic 

rocks by the parallelism of a well developed slaty cleavage and bedding 

in interbedded petite and chert. A younger spaced cleavage, absent in 

upper Paleozoic rocks, exists in packet 9 which is dominated by rocks 

of probable early Paleozoic age. Mesoscopic and variably oriented 

folds younger than cleavage, are among the other structures of packet 9 

which are absent in upper Paleozoic packets. The tectonic fabric in 

the lower Paleozoic rocks may at least partly be of pre-Golconda 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 the 

allochthon, and the ordered sequential deformation in these rocks. 

There are two alternatives to explain the above: 1) upper Paleozoic 

rocks were part of an originally continuous mass which were sequen-

tially thrusted into a prism and emplaced over lower Paleozoic rocks of 
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margin that later imbricated with the lower Paleozoic 

and Triassic rocks to form the allochthon; 2) rocks of different ages 

coUstructed smaller allochthon, which were later amalgamated into the 

Golconda allochthon. The geographic and structural distribution of dif-

ferent upper Paleozoic facies discussed in Chapter 2, the limited 

occurrence of lower Paleozoic and Triassic rocks at the basal part of 

the allochthon, and the observed evidences of the same sequence of tee-

tonic events in all the upper Paleozoic packets supports the first 

scheme. 

The fundamental 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. 

Aceordingly, the deformation in the upper Paleozoic packets can be 

divided in a sequence relative to thrusting of the packets into the 

section as pre-, syn-, and post-thrust. 

Pre-thrust deformation - The isoclinal folds of beds (Fl) are the ear-

liest structures in each 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 lithology, represent varied facies of a 

depositional environment that persisted from late Mississippian through 

Permian (Chapter 2). Aiternative schemes for assembling the packets and 

formation of these structures are as follows: 1) Dl, represents simul-

tan~ous 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 by ·isoclinal folding had they been deformed according to the 

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

deformation was progressive with consistently oriented shortening. 

§In-~ 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-tbrust deformation 

was also diachronous and spanned different increments of time in dif-

ferent packets, and overlapped in time tbe pre-thrust deformation in 

younger packets. 

lQ!!-thrust deformation - After all or some of the packets were 

accreted to the allochthon, Dl structures such as slaty cleavage and 

first folds were folded by sporadic kink and other open and gentle 

folds (F3). Other post-thrust structures include local F4 folds and 

associated faults at the Golconda thrust that represent the latest 

motion along the thrust. 

Method and terminology 

The allochthonous rocks are divided into domains based on the 

orientation of slaty cleavage and bedding in packets (Figure 3-l), 

Except in packet 7, domains are indexed by the number of the packet 
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Figure 3-2. Three-dimensional diagram of a fold showing the 
parameters measured for fabric analysis. 
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that they include. Packet 7 is divided into domains 7h5 and 7t3 accord-

ing to the corresponding lithic units (Figure 3-1). Each domain is in 

turn divided into subdomains that resolve local variations of bedding 

and cleavage within domains (e.g. la, 7h5c, etc.). In order to distin-

guish folds of different size, shape, and probably, generation, the 

lengths and orientation of the parameters shown on Figure 3-2 were 

measured. The rest of this chapter is devoted to description of folds 

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

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

equal area projections. 

Hemipelagic units b5 and hB which occur in domain 7 and 12, 

respectively, provide the best exposures of first structures. A 

detailed analysis of the two domains will be given first. Dl struc-

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 Fl folds which are detected here as closures of beds 

with associated axial plane slaty cleavage, bedding-cleavage intersec-

tion (bxc lineation), and chert boudins (Table 3-1). The bedding clo-

sures of the first folds occur mostly in subdomain 12b3. Sizes of these 

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

F1 folds ranges between 40 and 80 em, but 10% are as wide as 140 to 160 

em, Most of the folds have amplitudes less than 150 em, and the major-
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ity of them are individual balfwaves 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 of these folds are parallel to one 

another and to cherts in their limbs. Their hingelinea and axes lie in 

the cleavage and trend between N1°W and N4S0Y and plunge between 24° 

and 75°. The bxc lineations distribute on a great circle parallel to 

the modal cleavage, axial planes, and homoclinal bedding. Most of the 

bxc lineations plunge H, parallel to the bingelines and fold axes 

obtained by bedding intersections (bxb). 

The chert beds are boudinaged ~here interbedded with pelite. The 

profile length of boudina ia commonly less than 10 em, almost the same 

as their length on cleavage except in rare exposures where boudins are 

continuous for few meters on cleavage. Tbe distribution of the long 

axis attitudes of boudins in both cases, measured on cleavage, is simi-

lar to that of the bxc lineations, hingelines, and fold axes of the Fl 

folds (Figure 3-4). Although lineations in domain 12b generally occupy 

a great circle, they distribute as partial girdles in differ€nt sub-

domains (Figure 3-S), indicating a geographic distribution of orienta-

tiona. Where strain bas been measured, most lineations are subparallel 

to the Y axis (Figure 3-70). 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, resulting in 
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variably oriented intersections with a bedding of constant or variable 

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 axis is constant but X and Y rotate, leading to the formation of 

differently oriented boudins on a constantly oriented cleavage. 

3) Superposed folding: unidentified pre-Dl deformation caused 

varied orientations of intersection with Dl cleavage. Small change in 

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

tion in bxc orientation. 

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

pure or simple shear could have caused migration of Dl lineations 

tovard the X deformation direction within the flattening (cleavage) 

plane (Ramsay, 1967t Sanderson, 1973; Escher and Watterson, 1974; Ram-

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

The geographic distribution of the lineations in the southern and 

northern parts of subdomain 12b (Figure 3-5), pitching at different 

angles and directions in the constantly oriented cleavage supports 

hypotheses 1 and 3. Clustering of the bxb and hingelines is moat prob-

ably the result of a geographic distribution, supported by the fact 

that these were only measured in subdomain 12b3 (Figure 3-5) where 

boudins are also clustered. No lineation attributed to shear, to 

satisfy the fourth hypothesis, is evidenced in these rocks. 
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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 younger (F2a) fold. 

Figure 3-6 shows the orientation of Fl lineations in domain 7h5. 

The boudin axes and bingelines of isoclinal folds at each subdomain 

cluster at low angles to the corresponding modal cleavage. ':!:he bxc 

lineations lie on the cleavage with a larger spread than chert boudins. 

Such a distribution can be explained by the same hypotheses as men-

tioned in domain 12. Girdles of Fl cleavage and lineations in sub-

domains 7h5a and 7h5b are due to F2a folds for the reasons to be dis-

cussed later. 

Other domains 

Except for domain 9, which will be treated separately, the distri-

bution of bedding and cleavage 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 cleavage 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 

orientations, for example in 8b and lla, may be original; due to F2a 

folds, or a result of inhomogeneous strain. 

Boudin axes plunge shallowly to moderately N or NW except in 

domains 7t3e and 13, where the steep and moderate SE plunge of boudins 
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may be because of F1 and (or) F2a folding. 
81 

lli folds 

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

packet boundi~g thrusts that are responsible for the variability in 

cleavage and bedding orientation 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 in Ophir 

and Wisconsin 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° N16°W, and its axial plane, constructed from axial 

traces and axis, strikes N55°W dipping 42° NE (Figure 3-19). Cross sec

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

F2a folds, bomoaxial with average lineation of Fl folds (Figure 

3-17), are second phase because large range of Fl cleavage (Figure 3-

19) cannot 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 in packet 7. Shown on the diagram are also three subdomains in 

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

of F1 structures 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 7h5a (Figure 3-20c). The zonal axis 

of the girdle plunges NNW subparallel to the statistical axis of the 

F 
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F2a fold (Figure 3-19). Figure 3-20d illustrates a synthetic fabric 

diagram showing the effect of the F2a 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 circles, respectively. The initial Fl 

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 rotation by the F2a fold. 

To achieve the observed fabric, the cleavage of the homoclinal part of 

subdomain 7h5a is rotated about the zonal axis by 100°. No such fit 

would be observed if both limbs are rotated 50°. The good fit of the 

actual orientation data {Figure 3-20c) with the model {Figure 3-20d) 

indicates that there was flexural slip kinematics during F2a folding. 

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

These are local structures that occur only in subdomain 7h5a at 

the contact with subdomains Sb and lla in Ophir Canyon {Figure 1-1 and 

3-1). This location is a thrust zone, characterized by the occurrence 

of several local faults, brecciation, mineralization (quartz vein), 

serpentinite, and lithic and structural discordance. Here, bedding and 

cleavage are deformed by sinusoidal folds and are cut in many places by 

local 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 em 

(Figure 3-2lb,c). 
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Figure 3-22a sets out the orientation of bedding and coplanar Fl 

cleavage in F2b folds in subdomain 7h5a. Poles to both planar elements 

distribute approximately on a great circle with large spread, indicae-

ing a ,folding event younger than isoclinal Fl folding. The poles to 

homoclinal bedding and cleavage, where F2b folds are absent, do not lie 

on the F2b phase bedding girdle. Figure 3-22b shows the orientation of 

the axial planes of the F2a folds. The distribution is approximately a 

great circle subparallel to that of the poles to cleavage and bedding, 

indicating bomoaxial 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 

occurrence of these folds at the packet boundaries and in faulted 

blocks that are rotated relative to bococlinal bedding and cleavage 

where i2b folds are absent, and their deformed attitudes, suggest that 

F2b folds are syn-thrust structures. At this thrust zone, 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 Fl and kink folding. Their relationship to F2a folds in not 

clear; they were probably formed either synchronously or in different 

increments of the same ayn-thrust deformation (D2). 

There are two alternative ways to explain why homoelinal Fl 

cleavage and bedding do not lie on F2b girdle (Figure 3-22a): 1) blocks 

of Fl 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 folds and then 
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89 90 
rigidly rotated so as to remove the homoclinal Fl orientation from the 

F2b girdle. 

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

fold.sj z folds are the dominant type. Hingelines of the Z and S folds 

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

planes. The distribution of short and long limbs of the S and Z F2b 

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

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

that initially differently oriented short limbs of S and Z folds would 

assume subparallel attitudes after refolding. A model of formation of 

these folds is given in Chapter 4. 

F3 folds include kinks and sinusoidal folds in slates and chert 

interbeds, respectively. These occur in domains dominated by Dl slaty 

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

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

Kinks are straight limbed monoclines with angular hinge zone 

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

Verbeek, 1978; Rousell, 1980) (Figure 3-23). 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-

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

Weiss, 1966; Donath, 1968; ~eiss, 1968; Anderson, 1974; Gay and Weiss, 

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

1968, 1980), and field studies (Anderson, 1964, 1968; Clifford, 1969; 
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Fyson, 1968; Roberts, 1971; Hobson, 1973; Naba and Balyburton, 1974; 

Tobis~b and Fiske, 1976; Verbeek 1978; Rousell, 1980) contributed to an 

understanding of the kinematics of kink folding and developed models of 

nucle~tion and growth of kinks. Geometric measures of kinks are shown 

on Figure 3-23. 

The orientation and geometry of F3 kinks and related sinusoidal 

folds (see below) were analyized 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 two simple models. The results are dis-

cussed in the following sections. 

Domain 7h5 

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

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

sinusoidal folds in chert interbeds. The F3 sinusoidal 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 F2a 

fold that divides domain 7h5 into subdomain 7h5a and 7h5b (Figure 3-

18). Individual and intersecting S- 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 S and Z kinks and related larger sinusoidal 

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

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

moderately plunging maximum spread in a partial girdle that ranges 
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95 
between N25°E and N75°W. All sinusoidal folds in this domain have Z 

asymmetry and approximately the same orientation as Z kinks except for 

their short limbs. Hingelines of the S kinks define a SW trending, 

moderately plunging maximum on axial surfaces that generally 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 dipping kinks (Z and S kinks, respectively) do occur 

together in rare exposures as small as 1 square meter and are referred 

to as intersecting kinks (Figure 3-26b). Orientation data of six inter-

secting kinks in subdomain 7h5a is shown on Figure 3-26a. The average 

intersection of the S and Z kink planes is nearly perpendicular to the 

hingelines of both S and Z kinks. The fabric elements of the intersect-

ing S and Z kinks are parallel to those of the S and Z kinks that occur 

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

the maximum principal compression (Z) responsible 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 1SO for individual kinks, and 45° to 65° 

from the mean kink planes (Anderson, 1964; Patterson and Weiss, 1966; 

Donath, 1968; Ramsay, 1967; Kleist, 1972; Gay and Weiss, 1974). The 

loci of all lines 4~ to 60° from the average kink planes define small 

circles centered at 4~ to 30° about the poles to the kink planes. 

Similarly, the loci of lines that are oo to 1~ from the cleavage 

define small circles centered around the poles to these cleavages. 

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

b 
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97 
the regions where both conditions are met are shaded to define possible 

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

ssw, w, and NNW for both the individual and intersecting kinks. 

Figure 3-27 depicts the orientation of F3 folds in subdomains 

7h5bl and 7h5b2, on the east dipping limb of the F2a macroscopic fold 

in Ophir and Wisconsin Canyons (Figure 3-18). The orientation of an 

intersecting set and individual kinks and their corresponding fields of 

Z in aubdomain 7h5bl, located at the hinge zone of the macrofold, are 

shown on Figure 3-28a4 Here, the intersection of the S and Z kink 

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

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

data of S kinks in subdomain 7h5b2 where hingelines and axial planes of 

these kinks parallel those of the Z kinks in subdomain 7h5a (Figure 3-

25a). 

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

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

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

conda thrust (see the Golconda thrust zone). 

Kinks are oriented differently in this domain which is dominated 

by a well foliated sandstone and conglomerate (Figure 3-30). The south-

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

and includes F3 orientations with steep hingelines that may result from 

rotation as in the southern part of domain 7hSa. However, steep kink 

planes and cleavage are probably the reason for the steep plunge. This 

c 
I 
' 



97 
to define possible 

~es plunge mostly 

ing kinks. 

is in subdomains 

i macroscopic fold 

~ientation of an 

Jponding fields of 

m.acrofold, are 

the S and Z kink 

•d is subparalle 1 

:s the orientation 

•d axial planes of 

.n 7h5a (Figure 3-

1rt of domain 7h5a 

This distribution 

.on along the Gal-

ch is dominated 

3-30). The south-

t (Figure J-1) 1 

may result from 

ver, steep kink 

teep plunge. This 

" · .. ~ 

X 

\ 

I> £> 

I-I-

0 
I-

111 a 
;:;'::;" 
~ ~ 

z g~ 
0 0 
~ ~ 

~~ 

" " 0 • 

I>< X 
J-1-

?.. :.. 
cu C) 

~ ~ 

98 



a N 

Q..L. to elea'lage $..I.. to bed<fln~ 

Possible loci 
of 7. 

D hinge nne (Z) !.1J hinge line (S) 

D,_..L. to thor! limb (Z) A ..L to .short !1mb (S) 

X .L 10 u.lal plan• (Z)~ ..L to axial plane (S) 

b 

Figure 3-28. Summary fabric diagrams of F3 folds in 
a) domain 7h5bl and b) domain 7h5b2, 

99 



99 

in 

Station 

224 

435 

432 

Total 

0 J_ cleavage 

& bedding 

N 

0 

8 

X J.. axial plane 0 Hinge line 

N 

X 
xx 

X 

D 

o~B 

p 
'if. * ,_,, 
' 

C!m:::l-,[] 
C'r§'"'EB 

Figure 3-29. Orientation data of kinks in the southern 
part of domain 7h5a. 

100 





101 

x 

r 1-
"' X er 
'0 
~ 
:;) 
Cll 

tz 
0 
:c 
:r 
"' Cll 

:;· 
Cll 

102 
is supported by the fact that bedding and cleavage are not differently 

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

The main structure of this domain is a NW striking vertical slaty 

cleavage that parallels bedding in chert (Figure 3-4). Kinks and minor 

sinusoidal folds in cleavage and bedding occur in this domain though 

not as cowmonly aa in domain 7h5. Figure 3-31 shovs the orientation of 

S and z kinks and sinusoidal felda in domain 12. Figure 3-32a and 3-32b 

set out the orientation of interaecting kinks and their corresponding Z 

axes and of individual kinks at tvo locations in domain 12b. Here, Z 

axis is differently oriented compared to that in dom4in 7h5a but is 

similar to that in do~ain 7b5bl. The nodal cleavage is approximately a 

symmetry plane with respect to all the fabric elements of S and Z kinka 

(Figure 3-32c). Comparing Figures 3-31 and 3-32, S and Z sinusoidal 

folds have identical orientation to the kinks with corresponding asym-

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

nously. The major differ~nce compared to the intersecting kinks in 

subdomain 7h5a is that the intersecting S and Z kinks in domain 12b 

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

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

cleavage in this subdomain. 

Discussion 

Kinks have different attitudes in different domains. In domain 

7h5, orientation of kinks is a function of their position relative to 
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and c) all kinks in domain 12b. 
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the macroscopic F2a fold. In the lower limb of this fold, in domain 

7h5a, orientation of the intersecting and individual kinks with 

corresponding asymmetries are identical, indicating that they are of 

the same generation. On the upper limb in aubdomain 7h5b2, all the 

kinks are S-sbaped and have nearly similar orientation as the Z-shaped 

kinks in domain 7h5a. The intersecting S and Z kinks in domain 7b5bl 

have the same attitude as individual S and Z kinks. Here, S and Z 

hingelinea are subparallel, and Z kink planes are differently oriented 

compared to those in domain 7h5a. The southern part of domain 7h5a is 

characterized by deformed kinks due to a latest motion along the Gol-

conda thrust (see the Golconda thrust zone). Kinks in domains l2b 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 directions during kink folding in different 

domains. The parallelism of the shortening axes in the upper and lower 

limbs of the macrofold (domains 7h5b2 and 7h5a) indicates that kinks in 

these domains were formed simultaneously due to a westly plunging shor-

tening after the m.acrofold was formed. This is supported by the incom-

patible sense of down-plunge asymmetry of kinks in both limbs 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-S shortening generated kinks in the appropriately oriented 

cleavage in different domains. Southerly plunging shortening formed 



107 conjugate kinks in domain 7h5bl and packet 12 because it was at a low 

angle (less than 150) to cleavage in these domains. The northerly 

plunging shortening in this episode of kink folding resulted in 

cleavage-parallel slip in domain 7h5a •• it "'' subparallel to the 

strike of the cleavage in this domain. This resulted in rotation of the 

axes and axial planes of the previously formed Z-kinks. probably by 

heterogeneous simple shear, as evidenced by the large dispersion of 

these fabric elements compared to the almost constantly oriented 

cleavage in this domain (Fig. 3-25a). 

Geometric analysis of kinks 

Two main models have been proposed for kink formation through 

experimental and theoretical work: Kink rotation (Donath, 1968; Cli£-

ford 1968; Rousell, 1980) and kink migration (Patterson and Weiss, 

1966; Weiss, 1968; Gay and Weiss, 1974). Ic the following paragraphs 

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

study. 

MIGRATION 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 terms of linear 

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

all the kinks. 
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P = thickness of 
cleavage parallel 
to kink planes. 
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Figure 3-35, Relationship between dilation (T') and angular 
parameters (a) and locking position (b) in a 
flexural slip model for a kink undergoing 
rotation. See text for explanation, 
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ROTATION MODEL - This model (Figure 3-34b, 3-35) assumes that the 

distance between kink band boundaries is fixed during deformation and 

that the short limb is hinged at the boundaries of kink bands and 

rotates. This leads to a decreaae in ~ and an increase in ~. Several 

mechanisms 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. Cleavage 

in the short limb separates during rotation leading to dilation and 

dissolution of soluble minerals. Dilation, measured by increase of 

thickness in the short limb, is a sine function of angle ~ (Figure 3-

35, Rousell, 1980), and thus is maxi~ when~ bas decreased to 90° 

(Figure 3-3Sb). Thereafter, thickness of the short limb decreases as ~ 

becomes less than 90° approaching the value of d as rotation continues 

(Figure 3-35c). Assuming flexural slip, that is, slip between laminae 

in the short limb is the only deformation mechanism and the thickness 

of laminae in the long and short limbs remain equal, further rotation 

of kinks is not possible when ~~' and the fold becomes locked (Figure 

3-35c) (Verbeek, 1978; Rousell, 1980). Therefore constant L, variable 

~~ and¥, and dilation in kinks characterize the rotation model. 

Results 

The distribution of all the parameters measured for kinks is shown 

on Figure 3-36 and 3-37. Among angles, ~has the lowest variation 

(Figure 3-36a), 1 the highest (Figure 3-36c}, and~' intermediate (Fig

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

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

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

f decreases, ~ increases until folds become symmetric. This pattern 

continues until folds become asymmetric with high d and low ¥ (Figure 

3-37£, j). 1 (180- (~ + ¥}) is very variable for kinks with L less than 

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

(Figure 3-37c), 

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

~) as a symmetry index for kinks, sucb that perfectly symmetric kinks 

have (d - ~)~O, the kinks have high symmetry when ~ ia between 60° and 

80° (Figure 3-36e and 3-37£). The symmetry ia uncorrelated with the 

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

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

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

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

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

Joints parallel to kink planes cut discordantly across short limbs 

of kinks with ¥•90. Very low amplitude small kinks also occur on the 

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

¥•90° (Figure 3-37j). Kinks with ~~ have fine cracks on their long 

limbs close to the kink planes, possibly as incipient kink planes and 

indicating migration (Figure 3-34a) of kink boundaries by extending 

their short limb into the long limbs (Figure 3-34b). Thin sections 

made from small kink bands indicate high concentrations of iron oxides 
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on the short limbs, probably as residue after soluble minerals were 

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

convergence of kink boundaries and gradual decrease in amplitude. 

Subequal ~ and ~ for the majority of kinks of variable length (L) 

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

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

tion and growth of the kink bands in the study area. However, this 

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

limbs of the larger kinks when ~a9Q0 , nor can it explain dilation 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 progressive deformation. 

Tectonic fabric at the Golconda thrust Mtt.l!t 

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

immediately above the Golconda thrust. Mesoscopic folds cut by faults 

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

50 em) to faults and are locally 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 faults in 

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

folds have E and ENE vergence (Figure 3-39b}. Axial planes are at low 

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

axial planes is subparallel to the hingelines st each location. Using 
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the method of Figure 3-40, slip directions for these faults are approx-

imated assuming that the faults and folds are contemporaneous. The 

directions trend westerly; two of these indicate thrust, and one is 

normal.< They are subparallel to some striations on the faults at the 

Golconda thrust (Figure 3-41), supporting the validity of the assump-

tiona of the model directions. Local faults at the Golconda thrust dip 

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

blocks moved both up and down relative to the west dipping Golconda 

thrust in different parts of the thrust leading to both normal· and 

reverse faulting. 

Kink folds occur in the Golconda thrust zone. The orientation of 

these folds in the northern aide of Ophir Canyon is about the same as 

kinks in domain 7b5a farther from the thrust (Figure 3-24, 3-25, 3-42). 

Kinks at the thrust zone in domain 8 and southern part of domain 7h5a, 

however, have rotated attitudes (Figure 3-43a). Figure 3-43b is a syn-

thetic fabric diagram 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 7h5a, 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 kinks are older than the latest reactivation of the Golconda 

thrust. 
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Tectonic fabric in packet .2. 123 

Packet 9 contains lower Paleozoic (?) rocks that are included in 

structural subdomain 9a, and upper Paleozoic (?) sedimentary breccia 

(t5) 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 

to those in upper Paleozoic packets of the Golconda allochthon. The 

lower Paleozoic (t) rocks in aubdomain 9a contain tectonic fabrics 

which differ in part from those of subdomain 9b and other domains of 

the allochthon. Two generations of cleavage exist in domain 9a (Table 

3-2, Figure 3-45, and 3-49): one (S1) is parallel to bedding and is 

penetrative, and the other ia a sporadic and weakly developed spaced 

cleavage (S3) oblique to bedding and the first cleavage. The Sl 

cleavage is folded by chevron, conjugate, and other types of folds 

(F2a) and shows large variations in attitude. The folds have sharp to 

curved hinges, straight to curved limbst and apical angles ranging 

between 40° and 140° (Figure 3-46a).The amplitudes and half-wavelengths 

of these folds range between 1 and 70 em with a mode of less than 20 em 

(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 generation 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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wise cylindrical folds were measu~ed. Figure 3-47 shows the fold struc-

tures in different parts of station 146. In each position at this sta-

tion, poles to bedding and axial planes lie on great circles with zonal 

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

either nearly homoaxial refolding, fanning of the axial planes, conju-

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

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

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

be conjugate. Folds with S and Z asymmetries occur with symmetric 

folds close to one another in distances of few meters at this station. 

Orientation data of folds at station 147 are depicted on Figure 

3-48. Here, the asymmetry of these folds varies in distances of 1 m. 

Hingelines plunge shallower and are oriented differently over a more 

continuous girdle compared to those at station 146. Axial planes, like 

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

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

metries spread over their entire girdle. The composite diagrams (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 Golconda allochthon, and 2} 

their second generation spaced cleavage. The orientation of the Sl 
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cleavage in packet 9 is similar to that of Sl cleavage in many upper 

Paleozoic packets. The spaced cleavage, S3, on the other band, although 

subparallel to some Sl slaty cleavages in upper Paleozoic packets, is 

absent in these packets. It is quite likely that at least Sl cleavage 

in packet 9 is of pre-Golconda age, and formed by the deformation asso-

ciated with the Antler orogeny, because it is parallel to isoclinal 

bedding in chert and limestone interbeds of probable early Paleozoic 

age. 

The relationship of Sl, S2, and 53 are schematically shown on Fig-

ure 3-49. S3 is about normal 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 F2a fold and probably is the youngest structure in packet 

9. Figure 3-49 explains: a) abrupt change in the asymmetry of the 

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

different substations that when combined, display great circle distri-

bution at both stations, and c) parallelism of bedding and S2 girdles. 

Tectonic fabric £f the Diablo Formation (!£) 

The autochthonous Diablo Formation lies above deformed lower 

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

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

by the occurrence of carbonatized and fresh serpentinite and a sharp 

structural and lithological break. Unlike deformed beds immediately 

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

affected by the microscopic F2a fold in Ophir Canyon (Figure 3-50). 

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

• 1 
I 
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preferred orientation of tabular clasts of chert that lie parallel and 

subparallel to bedding (Figure 3-50}. The clast shape and orientation 

is tectonic because their tabularity parallels an anastomosing 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 erosional surfaces between chert 

conglomerate and calcarenite (Chapter 2). 

Hesoscopic folds exist in the Diablo Formation. At the contact 

with pelites of packet 7 of the Golconda allochthon, a class lB fold 

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

Orientation data of this fold is given on Figure 3-51. the fold is iso-

lated halfvave and exists only in the hanging wall and within SO em 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 on the southern aide of Ophir Canyon. These folds 

are most probably soft sediment structures because they are single 

halfwaves which die out in less than a meter and are bounded by 

unfolded beds with depositional contact. Hingelines and axial planes 

of these folds are very much spread with no systematic distribution 

(Figure 3-52). 

The strong foliation in the chert conglomerate of the Diablo For-
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mation can be attributed to the emplacement of the Golconda allochthon 

or to intrusion of the Ophir pluton (Tgr). The rocks of the Diablo For-

mation are thermally metamorphosed as indicated by the presence of mar-

bles. Although there is not an evident gradient in foliation develop-

ment with respect to the Golconda thrust, the subparallelism of bed-

ding, foliation, and the Golconda thrust and other faults (Figure 3-50 

and 3-4lb), favor the idea 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 foliation is further 

suggested by its homoclinal attitude, in contrast to the intensely 

deformed allochthonous packets in the Golconda allochthon and underly-

ing lower Paleozoic rocks. Although there ia no clear increase in foli-

ation development toward the pluton, younger intrusion of the Ophir 

pluton as the cause of formation of the foliation can not b~ ruled out. 

Tectonic fabric Qf the autochthonous ~ paleozoic rocks 

Autochthonous lower Paleozoic rocks occur below the Golconda 

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

deposition of the Diablo Formation. At Ophir and WiscoLsin Canyons, 

tabular clasts in the lower Paleozoic sedimentary breccia form a folia-

tion by their planar orientation. The foliation originated by flatten-

ing indicated by folds in quartz veins that have axial planes parallel 

to these clasts. Bedding and cleavage in these rocks are parallel and 

mostly dip shallowly to moderately W, SW, and NE 1 and strike between NE 

and NW (Figure 3-53), These planes have similar orientation to those in 

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

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

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

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

overlain by homoclinal Diablo rocka, suggest a pre-Diablo age for these 

structures despite their similar orientation to the same fabric ele-

menta in the Golconda allochthon. 
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Strain analysis 

Introduction 

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

cOnda allochthon 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 planes of Fl isoclinal folds and because it is 

cut by D2 thrusts and folded by F2 and F3 folds (Table 3-1). Quartz and 

chert grains are elliptical in sections perpendicular to foliation and 

have large axial ratio of up to 13. The average long axis in these sec-

tiona is within 3° of the trace of the foliation. the alignment of the 

grains is interpreted to be at leaDt partly tectonic because their 

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

foliation parallel sections to be sedimentary. 

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

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

strain measurement in the study area. 

Theory of strain of elliptical grains 

Finite strain of a rock represents the sum of all incremental 

deviatoric strains, volumetric strains, and rotations that can vary in 

orientation and magnitude with each increment. Generally, deformation 

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

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

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

(or) changed shape during each increment of deformation. 

All strain determinations in deformed rocks are based on using one 

or more o~ the following: 1) lines of known original length, 2) lines 

of known original relativ~ length, and 3) initial angle made between 

intersecting lines (Ramsay, 1967). During deformation, both the length 

and angles betveen intersecting lines change. The change in length can 

be measured using extension e ), defined by the ratio of the change 

in length and original length (Eqn. 3-1) (Ramsay, 1967, p. 52). 

e • (l-lo)/lo (3-l) 

where 1 is final length and lo is the original length. Quadratic elan-

gation ( A ), defined by Equation 3-2, is commonly used in strain stu-

dies for longitudinal strains. 

A • (l/lo) 2 • (l+e) 2 (3-2) 

Another measure of geological strain is logarithmic or natural strain 

which is defined by Equation 3-3. 

e: .. ln (l+e) (3-3) 

A measure of change in angle is given by shear strain 1, defined by 

Equation 3-4, 

] • tano (3-4) 

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

originally at 90° to one another. 
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deformation 

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

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

(~say, 1967). The three principal axes of this ellipsoid define the 

priD.cipal longitudinal strains, (1+e
1
)) (l+e 2) ) (1+3 3), with qua

dratic elongations), 1 > ), 
2
) ), 

3
• 

In geological problems, unfortunately, the original length (lo) is 

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

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

aoid, their ratios are calculated. Volume change can not be computed 

also without actual extensions. 

To calculate shape and orientation of the strain ellipsoid in 

deformed rocks, the common procedure is to calculate two dimensional 

sections 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 orientations of 

deformed elliptical grains in slate, sandstone, and conglomerate have 

been used extensively to measure strain (Flinn, 1956; Hobbs and Talbot, 

1966; Ramsay, 1967; Gay, 1968a,b, 1969; Hossack, 1%8; Dunnet, 1969; 

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

Fripp, 1976; Mitra, 1976; Tobiach and others, 1977; Oertel, 1978; Chap-

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

as to whether the strain measured uaing these grains represent the bulk 

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

tors: 1) initial grain shape, 2) initial grain orientation, 3) ductil-
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ity contrast between grain and matrix, 4) orientation, s~unt, and 

axial ratio of deviatoric strain, 5) volumetric strain, and 6) incre-

mental rotations. Methods designed for strain analysis are only capa-

ble to consider part of these factors and therefore involve some degree 

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

Initial shape - Sphere and ellipse are the two simplest shapes which 

are commonly assumed for grains in undeformed rocks. The only proof of 

initial shape is the existence of equivalent undeformed rocks and any 

assumption of original shape contributes an error. It is only for 

spherical grains, deformed homogeneously with their matrix, that the 

strain measured from the grains is the same as the bulk finite strain 

(Cloos, 1947, 197li Ramsay, 1967; Elliott, 1970). However, strain mark-

era 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 are some two dimen-

sional methods, for example Rf/~ and polar graph (Appendix I), that can 

estimate initial eccentricities of the grains. Others, such as method 

of Robin (Appendix I) work for grains of any shape. The error gen-

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

Initial grain orientation - The initial angle between the long axis of 

an elliptical grain and the finite deformation axes controls the eccen-

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

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

ellipse, 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, if 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-random orientations. Truly random orientations are rare 

in sedimentary rocks (Griffith, 1967; Elliott, 1970). Despite this, 

random orientation is assumed in many cases (e.g. Ramsay, 1967; Dunnet, 

1969; Gay, 1969; Shim.amoto-Ikeda, 1976; Robin, 1977). Original non-

random orientations are more common and include linear (unimodal) and 

planar preferred orientations (Elliott, 1970; Dunnet and Siddans, 

1971). Methods such as Rf/' and polar graph (Appendix I) have been 

designed to estimate the non-random distributions. The error contri-

buted by ignoring initial orientation can be significant. 

Ductility contrast between grains ~ matrix - Ductility is a measure 

of rheological 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 

less than that of the surrounding matrix, grains undergo a component of 

rigid body rotation during deformation of the grain-matrix system. This 

leads to superimposition of differently oriented incremental strains on 

grains that deform as they rotate (Ramsay, 1967; Gay, 1968a&b; Hossack 

1968; Gay and Fripp, 1976). In this case, the bulk strain in the matrix 

may be irrotational and different from the strain in the grains. It is 

a common practice to assume that the ductility ratio of grains and 

m..atrix is 1, and therefore to take the grain ellipse as a 
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representative of the bulk strain ellipse. Gay (1968a&b) examined the 

behavior of non-rigid viscous elliptical grains during pure shear and 

circular grains during simple shear in a viscous matrix. Be found that 

during pure shear, if the major axi4 of an elliptical particle and that 

of strain are not parallel, particleS change shape and rotate toward 

the direction of extension (X), the rates of which decrease if viscos-

ity ratio of particles and matrix (R) increased. Elliptical particles 

parallel to pure shear axes, only 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)l. particle changes shape more slowly than the 

strain ellipse. If circular grains are deformed by simple shear, they 

deform and rotate, simultaneously. Particles with low viscosity ratios 

need larger shear strain than the more viscous ones to·become parallel 

to the X direction. More viscous particles rotate toward shearing 

direction quite rapidly. 

Detrital rocks such aa sandstone and conglomerate may contain one 

or more types of grains. Because different types of grains have dif-

ferent ductility with respect to the matrix, they will be strained and 

rotate differently. Incorporating 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 taken into 

account (Gay, 1968a,b: Gay and Fripp, 1976). This problem is avoided by 

using grains of one type during measurement. 

Rocks can undergo volume loss by 
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compaction, migration of solid and pore water, and densification, 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 is a two dimensional representation of the strain ellipsoid 

on an orthogonal coordinate system with ln ((l+e 2)/(l+e3 )) as abscissa 

and ln ((l+e1)/(1+e2)) as ordinate (e.g. Figure 3-67) (Flinn, 1962; 

Ramsay, 1967; Ramsay and Wood, 1973). Spheres plot at the origin and 

ellipsoids at the positive quadrant of the plot. If no volume change 

occurred during strain, the line of unit slope, passing through the 

origin of the plot, separates constrictional from flattening ellip-

soids, or in other words, ellipsoids which have their intermediate axis 

contracted or expanded, respectively. However, if volume change did 

occur, 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 densities of slate (2.7 - 2.85 gr/cm3) 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 10% 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. In 
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rocks such as petite end sandstone, matrix, being generally more com-

pactable than grains, suffers a higher volume loss during deformation. 

Orientation, amount, and axial ~ of deviatoric strain - The final 

axial ratio of elliptical grains in deformed rocks (Rf) is a function 

of their initial axial ratio (Ri), deviatoric strain axial rati~ (Rs) 

and orientation with respect to the long axis of the grains (~) as 

indicated by Equation 3-5 (Dunnet, 1969, Eqn. 16). 

Equation 3-5 is applied to calculate strain axial ratio in methods of 

two dimensional strain analysis such as Rf/- (Appendix I) using final 

axial ratios and orientations of elliptical grains for given initial 

grain ratioe. 

Incremental rotations - At any successive stage du~ing prog~essive 

deformation, the principal axes of incremental and finite ellipsoids 

are generally non-parallel except when deformation is irrotational. 

This leads to supe~imposition of incremental distortion and rotation 

over the established finite strain at that increment (Ramsay. 1967, 

1976; Ramaay and Graham, 1970; Durney and Ramsay, 1973). The final-

shape of grains embedded in a rock undergoing a progressive deformation 

is affected by the rotations and distortions at each increment. Grains 

elongated during previous increments may be contracted in later stages 

of strain depending on incremental rotation (Ramsay, 1967, p. 114). 
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MoSt 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: 1) the accuracy of 

read1ng the occular scale and therefore determining length of the long 

and short axes of the grains; although it is their ratio which is used, 

the long and short axes, being independently measured, can involve cer-

tain error, 2) the accuracy of reading tbe angle betveen the long axis 

of the grains and a reference line (e.g. the trace of cleavage), 3) 

non-perfect ellipticity of the grains, leading to inaccuracy of reading 

their sizes, 4) grain population, as it might not be statistically 

enough to repre£ent the whole rock, 5) the error involved in each of 

the two dimensional strain methods regarding the validity of their 

assumptions. !n three dimensional methods, the major errors result from 

misorientation of the sectional planes and the errors involved in these 

methods because of the uncertainties concerning their basic assump-

tiona • 

Strain measurement ~ the study ~ 

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 types at different structural 

positions relative to the Golconda thrust (Figure 2-1, 3-1, 3-54). The 

objective was to detect a deformation gradient if one exists. Oriented 

samples were collected from locations shown on Figure 3-54 where kinks 

or other young structures are absent except for specimen OSlO where the 
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effect of an F2a fold on Dl structures was the objective of the 

analysis. Other Dl structures besides the slaty cleavage are boudins 

and bingelines of Fl folds in the interbedded chert and pelite of these 

packets. The specimens were taken 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 to one another 

and the third at about 4s0 to them. The orientations of the sections 

were plotted on a stereogram and the intersections of the cleavage and 

thin sections were determined (Figure 3-55 & 3-56). The trace of 

cleavage or an arbitrary line was taken as reference in sections per-

pendicular or parallel to the cleavage, respectively. The length of 

the long and short axes of individual elliptical grains and the angle 

between the long axis and the reference line (6) were measured using an 

ocular 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 used are statistical (Appendix I), they require a minimum 

number of grains to be measured for their shape and orientation to 

represent finite strain. In this study, the number of the grains meas-

ured on thin sections ranges between 70 and 108. 
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~-dimensional strain analysis 

Several methods have been developed to calculate two dimensional 

rock strain ratio given dimensions and orientation of elliptical 

griina. The ones used for this study can be categorized into two 

groups: I and II. The methods of both groups ~re describeC in Appendix 
' 

I, and for simplicity, 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 line on a long/abort axis plot 

to estimate strain ratio. The methods of group I do not take into 

account the strain controlling factors mentioned in the previous sec-

tion and assume that grains were initially spherical and therefore pro-

vide a less valid approximation to the actual rock strain than those of 

group I!. They. nevertheless, are simpler and faster to measure com-

pared to group !!, and among them, the harmonic mean yields high qual-

ity results and therefore are used in this study. Group II methods, on 

the other band. include more sophisticated algebraic. graphic, and sta-

tiatical methods. Some of these are capable of evaluating the initial 

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 strains by methods of group I can be measured relative to 

the strain ratio determined by the methods of group II using Equation 

3-6 (Lisle, 1977b). 

% Error • (slope or mean - Rs) I Rs x 100 (3-6) 

where mean or slope is the result of any of the group I methods, and Rs 
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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 di£-

ferent results, all were used for each of the 34 thin sections that 

were made from 9 specimens in packets 7 and 12 • The objective was to 

elucidate the effect of the assumptions 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 methods of 

group II, and approximate original shape and orientation of the grains. 

Results 

Table 3-3 sets out the results of all the methods for the 34 thin 

sections. A typical long versus short axis plot provided by method A in 

shown on Figure 3-57. Because grains have finite size, a best fit line 

through the data points can not have an intercept and therefore is 

forced to pass through the origin as shown on this diagrac. The slope 

of this line is used in method A to estimate strain axi3l ratio. In 

general, the short and long axes of quartz grains in alate 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 long 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 r, the coefficient of goodness of 

linear correlation (Appendix I), indicating that the grains originally 

had almost constant initial axial rntio (Ri) and orientation. r is 
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I ~ Group I Group II (As) I r ~ 

Arith. Gco, Harm. Slope Robin Shim. Tobil'lch l!oll'lt Rf/oj> LiOenr Ri • 
mean me:~n me11n Ikeda cocff, 

:L16 3oOJ z. 91 2. 76 2 ,QQ z.n 2o9b z.n 2. 7l . ,. 1. 45 7. b 3 
3. 21 3.06 l.~:. 2.73 z.B 2.79 z. qz 2of>'1 2. 7'1 ,Qb lo 59 -.zo 
3.3-.l 3.16 2.90 2.76 z.H Z.H 2. 91 2.68 2 •• 72 ,Qb 1.€11 1. 51 
2. 14 2.03 1.95 t.so lo49 1. 46 1.51 1.42 lo 50 ·'· 1,69 • 77 
3o86 3." a· 3ol8 2. 62 3.21 3.25 3.35 z.ss 3o03 ·" 1. 7 3 ·" 3.36 3.06 2.61 2.3!> z.oz 2.63 2,1:10 Zo!:.O z. !•6 ·" l. 90 -2. 0 4 
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), 31 3.04 2. 79 z. 52 z. 79 z.ot 2. 9Z Z.t>9 z. 09 ·" 1. 67 0.17 
3.60 3. ~ 6 3.17 J,QJ 3. 15 3 .l't 3. 31 3.01 3.07 ,QO 1. 7!! 5. 9 3 

2.16 z.tz 2.06 2.09 lob) lo/..0 1.67 lo56 1.86 ·'' 1. 61 -.tl 
I,.,6l 1,.,~6 ),91,. 4.22 3. tiZ: 3. l;l5 4o09 3.69 3.59 . " 1. 78 -3. 2 f.' 
3.61 3. 31 3.06 3.29 3.07 3. 08 3.18 2. 89 2.71 ·" 1. 70 lo 9 1 
, • 4 9 't,l7 4. 04 3. 90 3.86 3. 87 4.12 3. 71 1,.. 04 ·" 1.65 3. 69 
z.o1 lo Q1 1.67 1.H t.ze lo25 1o30 loZ3 lo 37 ·" 1,97 lo86 
3o23 J.Z8 3 oll 2:.91! 2. 85 2.65 2.96 2o72 2o63 . ,. lo59 3.11 
3.~6 3. 3) 3.16 z.q~ 3.13 3. 13 3.23 2:.94 z. 96 ·" 1,,8 ·" 3. 53 3. 37 3.22 3. 16 3.16 3,17 3. 2 7 2.91 3.22 ·" 1o5l .Ob 
2. 52: z .35 2.21 2:.15 1.53 1.47 1o5lf t., 9 1o5l ·" 2.23 -1. 26 
3.14 z. 93 2.75 2:.61 2o59 2.56 z. 71 2. 50 2.70 ·" lo 7't 6o66 
3. 7Z 3.U 3ol6 l:ot:!5 3.03 3,00 3o2l 2.92 3o0} .93 1. fll -lJ. 43 
J,t,S 3.23 3. 02 2. 71 2.81 2. 77 2. 97 2:.23 2. 72 .93 1.83 -7. lb 
2.65 2.~s 2. 34 2.19 lo62 1.55 1. 69 1.58 lo 59 ·" 2.27 -1.01,. 

Jo2:5 3.02 2oil3 2.64 2o66 2ob3 2.79 2o54 2o58 .94 lo76 llo 68 
3.1,~ J,l) 2.99 z. 75 z. 7~ 2. 72 2,94 z. 70 3. 10 ·" 1.92 -1.65 
2 .en 2. 71 2.52 2o't0 2.2~ 2.25 2.39 2. 20 2.16 ·" 1.87 2.11 
z:.sa 2.~0 2. 31:1 2oZ4 z.oa z.oo 2.17 z.ot 2.08 ,9; 1.73 -5.04 
3 0 52: 3ol5 3.02 3.01 2. 71 2.69 2:.94 z. 70 Zo87 .n lo'H z .37 

3.20 2.99 z.ez 2.75 Zo!''t 2.53 2.72 Z.5o 2o't2 ·" loBO -,9(> 
2.79 2. 51 2.30 2.za 1.18 1.25 loll 1. 22 t.zs .93 2.70 -2. 26 
1,,25 3.73 3.29 2o96 3.14 3.H 3o'i2 3.11 3.64 ·" 2.13 z. 74 
),89 3 .~ 5 3.oa Zo7Z 3ol5 3.17 3o:H J,Ql 3.2& ,Ql 1.63 3o3l 
3.31 2:,96 z. 73 Zobl 2.63 2.69 2.eo 2. 55 2. 56 ·" 1. 76 t.zq 

Table 3-3. Results of two-dimensional strain 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 (Ri) between 1.7 and 1.9 (Table 

3-3). However, it is common for individual grains to have Ri less than 

1.5 (e.g. Figure 3-60). 

An example of the polar graphs in strained and "unstrained" states 

(Appendix I), plotted using polar graph method, is shown on Figure 3-

59. The distribution on this graph can be described as heart shaped 

(Appendix I). Delta and heart shaped initial polar graph distributions 

indicative of initial unimodal grain distribution are common, whereas 

an elliptical distribution indicative of initial random distribution is 

not common in the thin ~ections studied. Typical graphs of Rf/~, Ri/9, 

and Chi-Square plotted by the use of Rf/~ ~etbod are abo~~ on Figure 

3-60. 

Correlation between different methods 

Strain ratios estimated by the arithmetic and geometric means are 

greater than those determined by methods of group II for all sections 

with low Rs 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 and 3-62). The harmonic 

mean, on the other hand, approaches the value of the strain ratio 

determined by group II methods at moderate Rs values where its error 

averages zero as was also reported by Lisle (1977b). Although the error 

determined by the slope method decreases on sections with moderate Rs, 

it increases again at larger Rs values (Figure 3-61 and 3-62). The 

difference (%error) between group I and II is larger for grains with 
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higher initial axial ratio (estimated by group II methods) (Figure 3-

63) and is maximum for grains that initially had their long axes within 

5° (a (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-Ikeda (1976) and Rs found by other methods of group 

II. There is a good linear correlation between ratio of principal 

strains determined by methods of Shimamoto-Ikeda (1976} and Robin 

0977). Rs measured by Holst method (Holst, 1982) is lea·a 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 as is expected (Appendix I). The results of Rf/~ 

method are well co~related with almost all others at low Rs values and 

is less so at moderate Rs, where they are mainly less than the results 

of Shimamoto-Ikeda. 

Implications 

The harmonic mean is calculated more readily than Rs of group II 

methods and approximates 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 fit curve 

through data points on a plot of harmonic mean versus axial ratio has 

been found by the least square method and is shown vith its equation in 

Figure 3-66. After having calculated the harmonic mean, Rs can be read 

directly from the graph. 
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It is reco~nded 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 previously suggested by Lisle (1977b). 

Three-dimensional ~ analysis 

The problem of whether cleavage is parallel to the XY principal 

plane of strain is a classic one and baa been considered by many work-

era such as Ramsay (1967), Ramsay and Graham (1970), Cloos (1971), Sid-

dana (1972), Wood (1974), and Willia.tu (1976, 1977). It seems that 

cleavage, defined by flattened objects 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-

na1ly in other orientations, can rotate towards parallelism with the XY 

plane as strain increases (Williams, 1977). This probably explains vby 

in places, a plane of shear might be seen parallel to cleavage. The 

mechanisms through which mica or planar grains attain their preferred 

orientation can include mechanical rotation and (or) dissolution and 

recrystallization (Tullis and Wood, 1975; Williams, 1977). 

The method to calculate shape and orientation of strain ellipsoid 

from tvo dimensional data is as follows: the three thin sections th~t· 

are cut normal to the cleavage for each specimen should have their com-

mon intersection parallel to the cleavage normal and to the minimum 

quadratic elongation ( A (see the section on theory of strain) if 

cleavage is parallel to the AL\z plane ( ), 1 ) Az) ;.._ 3 ), On each thin 

section, the major and minor ues of the strain ellipse ( \~ and \~ ) 
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are within 3°. respectively, of the trace and pole of the cleavage, 

indicating th~t the pole to cleavage is parallel to the minimum princi-

pal elongation. The few degree discrepancy depends on 1) the error in 

o,rienting the thin sections, 2) the precision of aligning the long axes 

of grai~s parallel to the trace of cleavage, and 3) non-parallelisg of 

the A3 axis and the pole to cleavage. Because of the very low angles 

* * involved, it is reasonable to assume that A1 and A3 are parallel to 

the trace of cleavage on thin section and pole to cleavage, respec-

tively, and therefore, that cleavage is parallel to the A1 A2 plane. 

* * Rs • I A1tl i- 3 is known from the two dimensional measurement. 

* Because >.3 is common in all the three sections, it is reduced to unity 

in order to deteroine * Al using Equations 3-7 through 3-9, 

where b, c, and d, refer to the three thin sections normal to cleavage. 

Since 

* Alb • • A
3

e • • Ald • AJ (3-8) 

reducing ,\3 to unity leads to: 

• ( (Rs(b)) 2 * ((Rs(d)) 2 * • ((Rs(d)) 2 
Alb A

1
e i-

1 
d (3-9) 

Now the problem is reduced to having the quadratic elongations along 

three lines at the intersection of cleavage and the three thin sec-
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tiona, and finding maximum and minimum quadratic elongations ( A

1 
and 

A2 ) on cleavage. The procedure to obtain A1 and A2 is that of Ramsay 

(1967, p.80). Details of this method and an example are given in 

Appendix II. After the magnitude and orientation of A
1 

and A
2 

and X 

and Y are determined by this method, the radius of a sphere of equal 

volume to the ellipsoid is calculated and the dev~atoric components of 

strain, Xd, Yd, and Zd, and the simple elongations e
1

, e
2

, and e
3 

are 

calculated using the relationships shown on Table 3-4. 

Results 

~ l - 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 

F2a fold in Ophir Canyon, respectively. Specimens 6, 7, and 8 are 

taken closer to the Golconda thrust on the west dipping limb of the 

fold. Specimen 8 is sampled within few meters of the Golconda thrust. 

Specimens 8 and 10 are medium- to coarse-grained sandstone and speci-

mens l, 6, and 7 are slate. 

Table 3-4 sets out the three dimensional results for the specimens 

in packet 7. The orientation of the principal strain axes and the 

deformation plot for each sample 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, these 

fields may not necessarily be of true flattening aa discussed before. 

The deformation ellipsoids of slate and even sandstone plot in the 
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deformation field of slates compiled by Ramsay and Wood (1973) (Figure 

3-68). The principal extensions and axial ratios of strain ellipsoid 

are plotted for each specimen versus its structural position on Figure 

3-69. Specimen 1 in the highest position has the lowest shortening and 

extension along the Z and X axis, respectivelys and the highest exten-

sion along the Y axis. Specimen 8 followed by 6, both close to the Got-

conda thrust, have the highest extension along the X, shortening along 

the z, and the lowest extension along the Y axis. Specimen 7 has an 

intermediate characteristics in terma 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 

specimens. the orientation of the principal axes in specimen 10 is most 

certainly influenced by the F2a fold. Comparing Figures 3-67 and 3-19, 

the orientation of the X and Z axes in this specimen can be explained 

by rotation about the axis of the F2a fold which is homoaxial with Y 

axes in samples 1 and 6 and with Fl fold axes. This and the fact that 

the magnitude of strain in specimen 10 is not much different from the 

others indicate that the recorded strain is older than the F2a folding 

and that the F2a fold bas 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 Z 

axis in samples 1, 6, 7, and 8, the X andY axes in specimens 7 and 8 

are differently oriented from those of 1 and 6; these will be discussed 

later. 
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Packet~- Except for specimen 17 which is a sandstone taken on the 

crest between Ophir and Wisconsin canyons, other specimens in this 

domain are slate (Figure 3-54). The orientation of cleavage in specimen 

17 is different because of F2a folds compared to the almost homoclinal 

cleavage in other specimens. Specimens 15 and 20 are sampled in north-

ern (subdomain 12b3) and specimen 16 in the southern (subdomain 12b2) 

sides of Ophir Canyon (Figure 3-54). 

Table 3-4 shows the results 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. TheY 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 position within this packet (Figure 3-69). The average shortening 

(e3) is less and the X/Y ratio is larger in this packet compared to 

those in packet 7. The deformation ellipsoids for these specimens plot 

closer to plane strain (assuming no volume change) in the apparent 

flattening field of the deformation plot 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 position relative 

to the Golconda thrust in packet 7, no such gradient exists in domain 

12. This suggests that the strain related to the slaty cleavage is 



Domain 8 a 

16!\ 

15?~,0 
017 

.' ', • 16 
20 

''ol7 

16~ ,.._,, 
\ I '-.17 
~ 
15 

500 1000 1500 

Structural position (meter) 

A -e
3 

o •z 
specimens 
are shown 
by their 
numbers 

• X/Z 

0 Y/Z 

Ill X/Y 

2000 

Figure 3-69, Relationship of the (a) principal extensions 

and (b) axial ratios with structural position 

of the specimens relative to the Golconda 
thrust in packet 7 and 12. 

177 



177• 

l78 

0 el 
N 

A -e 3 
a 

0 •z 16 015 

specimens 
170 

o" 
are shown 
by their m X 

numbers 0 y 

gl6 617 A z 

li'l15 

Ill" 
Ill" 

6 

• X/Z 

0 Y/Z b 
" 

Ill X/Y 

, 
2:: 
<" 

~ 0 

• 1i 
o20 

178 

1s• 

!000 0 

o. 5 1.0 

b "'ln Yd/Zd 

:tensions Figure 3-70. Principal directions (a) and deformation plot 

(b) for the specimens in packet 12. 
position 

conda 



179 
older than the emplacement of the Golconda allochthon. If correct, the 

strain was applied in each packet during the Dl deformation phase as is 

also evidenced by the parallelism of cleavage, the XY plane, axial 

planes of Fl folds, as well as the Y axes of strain and fold and boudin 

axes. The sub-parallelism of the Y axis and the majority of the Fl, 

F2a, and FJ fold axes suggests a consistent and continuous tectonic 

motion responsible for all these deformations. Assuming that the direc-

tiona of the principal axea in the homoclinal 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 t~end of shortening is apparent from 

the results of all specimens in this packet and from the orientation of 

Fl axial planes and cleavage. The maximum elongation occurred mainly 

subparallel to dip of the flattening plane except in specimens 7 and 8 

vhere it was subhorizontal. 

The difference in the orientation of X and Y of specimens 7 and 8 

from those of 1 and 6 can be explained in four different ways: 

1) The principal orientations in specimens 7 and 8 are because of 

superimposition of a later incremental strain with ita major axis at a 

high angle to that of the established finite strain after Dl phase and 

due to the emplacement of the allochthon along the Golconda thrust. 

2) The variation is contemporaneous with Dl and caused by variable 

displacements in the XY plane at the culminations and depressions of 

large F1 folds; this does not seem likely considering the parallelism 

in specimens 7 and 8 of X and Fl and F2a 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 result of reactivation along the Gol-

conda thrust because of their low structural position; this is also 

unlikely because no such rotation is evidenced in the orientation of 

the cleavage and Z axis in these specimens. 

4) The orientation of X in sandstone of specimen 8 is a result of 

heterogeneous flow parallel to Fl fold axes, The flow was formed 

because of rheological differences between pelite and sandstone, such 

that while the more compactable petites of specimen 1 and 6 were being 

shortened, grains 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 axes and to X in sandstone specimen 8, b) specimen 

10, a sandstone, attains X axis orientation subparallel to X in petite 

specimens 1 and 6 after the removal of F2a folding, and c) shortening 

in specimen 10, a sandstone, is about equal in ~gnitude to shortening 

in pelitic specimens. Although shortening is maximum 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 1 and 6 and 

those of 15, 16, and 20, in the homoclinal parts of packets 7 and 12, 

respectively, suggests that the orientations of the principal axes in 

packet 12 are the reault of rotation of directions such as those in 

packet 7 (Figure 3-67, 3-70) about an axis subparallel to the Y axis 

and Fl linear structures. 

X and Y axes plunge moderately N and SW on an inclined plane 

parallel to the Golconda 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 

occurred, was bomoaxial with the Y axis of Dl phase. Moreover, the con-

traction direction should have remained constant in order to emplace 

the allochthon over the Golconda thrust essentially subparallel to Dl 

cleavage. 

The higher flattening in samples 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 can be related to the thrust. 

It is also possible that an unidentified pre-Dl deformation such as 

gravitational compaction of the mudstones and sandstones contributed 

partly to the grain sbapea which were measured in the slates and sand-

stones. 
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CHAPTER 4- KINEMATICS OF SEQUENTIAL PROCESSES JU~D 

RECONSTRUCTION OF THE PALEOGEOGRAPHY 

In this Chapter, the tectonostratigraphic and structural data 

presented in Chapter 2 and 3 are used to reconstruct the paleogeogra-

phy, timing, and kinematics of emplacement of the Golconda allochthon 

and to analyze the source and tectonic significance of serpentinites in 

the study area. Data from other parts of the allochthon are compared 

with those in the study area to evaluate the regional extent and tee-

tonic significance of the allochthon. 

~ of emplacement of the Golconda allochthon in the study 1!!..M 

The rocks of the Golconda allochthon in the Toiyabe Range can be 

divided into three groups according to their age. The first includes 

lower Paleozoic rocks such as those in packet 1 and possibly 9. Packet 

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 between Late Hississippian 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 indicate 

a maximum age of Permian for the assemblage. Triassic rocks occur at 

the base of the allochthon and provide a maximum age of Triassic for 

the final emplacement of the allochthon. 
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The youngest rocks overthrust hy the Golconda allochthon in the 

study area are those of the Diablo Formation with a Wolfcampian to Gua-

dalupian (Early to Late Permian) age in Jett and Pablo Canyons (Speed 

and others, 1977) that indicate a maximum age of Permian for the 

thrust. A minimum age for the thrust is 42 and 54 my (K-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 increased to pre-t6. 

The proto-Golconda thrust can be traced at the base of the struc-

turally lowest packet of the upper Paleozoic 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 subarea! parts of the con-

tinental margin of North American plate. The present sole thrust of the 

Golconda allochthon above the Diablo 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 Paleozoic 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. 

Kinematics 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 alto-

chthon. These structures are cut by packet bounding faults. Fl and F2a 

folds and the thrust faults that occurred between these events provide 

evidence of transport direction and folding of the sediments before and 

during t 

s!.lbparal 

subpar a! 

In 

chert bo· 

location 

folding 

lowly anc 

moderate] 

faults iD 

homoclina 

between W 

on the 

hand, plu 

to Fl an1 

ing hodz, 

cleavage 

allochthot 

persisted' 

The 1 
study ar~ 
for the fd 

' of coevali 

pelagic roi 
evidence oi 



183 
llochthou in the 

>lfcampian to Gus-

Canyons (Speed 

>f Permian for the 

:K-Ar ages of the 

prove to be Meso-

1ed to pre-t6. 

LSe of the struc-

:ion such as 7 and 

Lrust above which 

and emplaced over 

.rts of the con-

.ole thrust of the 

at the base of 

nd thrusting that 

aleozoic section 

of Lower Triassic 

eozoic packets at 

pervasive struc-

kets of the allo-

Lllts. Fl and F2a 

se events provide 

iments before and 

184 
during the attachment of each packet. The axes of Fl and F2a folds are 

subparallel in many packets, and plur.ge shallowly and moderately NNW 

subparallel to some F2b fold axes. 

In parts of packet 12, the axes of Fl folds are subparallel to the 

chert boudin axes, bxc 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 homoclinal part of packet 7 (Figure 3-41, 3-67). In the 

homoclinal part of packet 12, the Z 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). TheY axis, on the other 

hand, plunges shallowly and moderately between NNE and NW, subparallel 

to F1 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 parallel to the Golconda and ether thrusts in the 

allochthon, indicate a strong east-west component of contraction that 

persisted through most phases of deformation • 

The upper Paleozoic section 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 juxtaposition among packets 

of coeval pelagic and arc related (?) volcanogenic 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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Golconda thrust, 3) dip-slip motion along packets as indicated by 

fault-fold (£4) relationships, and 4) the systematic relationship 

between folds of different generations in terms of their attitude with 

respect to an east-west shortening, that is, between pre-, syn-, and 

post-thrust deformation events4 In the following paragraphs, the 

structural data of the study area are used to reconstruct the kinematic 

history of the Golconda allochthon partly based on a model described by 

Speed (1981), Speed and Larue (1982), and Speed (1983b) for the Barba-

dos accretionary pri~. 

As flat-lying sediments on a subducting oceanic crust move near 

the toe of the accretionary prism, they fold, first openly, and tighter 

as they get closer, such that close and isoclinal Fl folds with axial 

plane cleavage are completely formed when the sediments reach the toe 

(Figure 4-1 and 4-2, stages tl 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 and younger deformations. These are then cut by west dipping 

packet-bounding thrusts at time t4. Back rotation (Karig and Sharman. 

1975) in mnall seale, 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 along the packet faults. leading to the 

observed variability of cleavage and strain orientation in most of the 

packets (Figure 3-17). 
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Local reactivation of packet bounding faults such as 188 
the one 

between packet 7 and 8, generated fault-contemporaneous F2b folds along 

these faults (Figure 3-22). Several local faults cut across the F2b 

folds at the fault contact, suggesting that they were formed according 

to the following model (Figure 4-3). 

Bedding and cleavage at this contact, originally dipping 

moderately to the ~est as in the homoclinal part of domain 7h5a, were 

locally rotated due to faulting caused probably by the presence of 

irregularities such as bumps in the fault zone (Figure 4-3a). Folds 

were then formed in the rotated block due to the continued motion along 

the thrust. The axial planes in Figure 4-3b are taken to be perpendic-

ular to a SW-NE trending shortening along the thrust, suggested by the 

NW trending axis of rotation of bedding and cleavage (Figure 4-3a). 

which also lies on the thrust, These folds could have bad 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 bomoclinal bedding. The folds were then 

rotated bomoaxially (Figure 4-Jd-f) as suggested by the observed par-

tial girdle and great circle dist~ibutions of their axes and axial 

planes, respectively (Figure 3-22). Other possibilities such as conju-

gate folding Yith initially differently oriented hingelines and axial 

planes, or rotation of axes by simple or pure constrictional shear in 

the upper plate are not accepted because F2b conjugate folds are absent 

and no evidence of high strain required for axial rotation 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 most probably controlled by the limb attitudes of 

macroscopic F2a folds. F3 folding is either synchronous or older than 

the latest movement on the Golconda thrust, as indicated by the ori~n-

tation of kinks in the southern part of domain 7h5a and other parts of 

the Golconda thrust zone (Figure 3-29, 3-43). The most plausible cause 

of kink folding is the final emplacement of the upper plate of the Gol-

conda thrust that occurred after intraprism thrusting and fault-

contemporaneous folding, implying that kinks in diff€rent packets are 

of the same generation. Further motiou along the Golconda thrust, 

probably by late reactivation, locally deformed the kinks at the Gol

conda thrust zone (Figure 3-43). 

The parallelism of the striations on faults at the Golconda thrust 

zone, slip directions determined from faults associated with and paral-

lel to the Golconda thrust (Figure 3-41), and the west plunging con-

tractions (Z) resolved from intersecting F3 kinks (Figure 3-25, 3-26), 

indicate that the kinks are related to a succession of displacements 

within the Golconda allochthon. 

The tectonic fabric at the Golconda thrust in Ophir Canyon (Figure 

3-39 and 3-41) is consistent with an east to west underthrusting of the 

autochthon below the Golconda allochthon as indicated by the orienta-

tion of axial planes of F4 folds and slip on associated faults. During 

this motion which probably occurred after the allochthon was emplaced, 
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(a) observed fabric (see Fig, 3-51&3-52) 
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Golconda thrust zone (a) and a model for 
their formation, S~e text for explanation. 
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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 folds as depicted on a model 

on Figure 4-4b. These folda are related to the DS deformation phase 

and are restricted 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-

sumption, not the transport distance of packets in the allochthon. This 

must be determined by paleomagneti$m, paleobiofacies, or by some unique 

lithologic ties. None of these exists. It can not be stated whether 

the Golconda allochthon is wholy locally or partly distally derived. 

Paleogeography and plate tectonics 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 Diablo Formation. According to Speed and Sleep 

(1982), deformed lower Paleozoic rocks formed an accretionary prism to 

a migrating island arc system. Collision between the arc and the 

western passive margin of the North American continent caused the 

Antler orogeny in the Mississippian. The island arc that propelled the 

accretionary prism (Roberts Mountains allochthon) 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 zone (Speed, 1979). 
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Some rocks of the Golconda allochthon were then deposited on the outer 

shelf, slope, and floor of this oceanic basin that was situated 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 ocean{c basin continued from the Mississippian to Permian or possi-

bly Early Triassic. 

The purpose of this section is to discuss the sedimentologic and 

structural data that bear on interpretation of the polarity of the con-

vergent boundary, and therefore, the nature of the continental margin 

of the western North American plate and the paleogeography in late 

Paleozoic and Early Triassic time. 

Terrigenous and hemipelagic packets in the lover part of the allo-

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 material should have been to the west 

of the oceanic basin where the volcanogenic and other upper Paleozoic 

rocks were deposited in the present geographic coordinates assuming no 

rotation and translation of the allochthon after ita emplacement. 

Sonomia, the magmatic arc of Speed (1979), or another intra-oceanic 

arc, west of the oceanic 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 lithology to the rocks immedi-

ately under the Golconda thrust in the study area. These were depo-

sited at the continental slope or its base (Chapter 2). The deposi-

tiona! settings of the four allochthonous upper Paleozoic facies which 

are given in Chapter 2 are used in the following paragraphs to recon-

struct the prevailing paleogeography of the local western margin of the 

North American continent, a&suming that the Golconda allochthon was 

emplaced at its present geographic location • 

Figure 4-5 is an schematic illustration of the paleogeography and 

sequential tectonic and depositional processes between the Mississip-

pian and Permian times based 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, volcanogenic-basaltic, hemipelagic, and terrigenous 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 a packet of Early Triassic rocks, in the basal 

part of the Golconda allochthon above the allochthonous lower Paleozoic 

rocks, indicates that the sole thrust of the allochthon is younger than 

the Triassic rocks. The calcareous Triassic clastic rocks apparently do 

not possess the penetrative Fl foliation that exists in the upper 

Paleozoic rocks. Despite the sandy texture of the Triassic rocks which 

may have inhibited the development cf a foliation without large strain, 
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L96 the undeformed pelecypod 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 defer-

mation event that is typical of all the upper Paleozoic rocks. Assuming 

that.Dl structures are related to th~ Pre-thrust accretionary 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 deposition of the Triassic rocks can be further narrowed 

between the emplacement of the upper Paleozoic section and attachment 

to the allochthon of the lower Paleozoic packets that lie below the 

T.riassic rocks. 

the angular chert, quartzt and plagioclase rich volcanic clasts in 

the Triassic packet indicate a source terrane rich in volcanic, chert, 

and quartz bearing rocks. The upp€r Paleozoic section is the most 

likely candidate for such a source. During the Early Triassict ~hen 

the Golconda accretionary prism of mainly upper Paleozoic rocks was 

firat emplaced on the continental margin, elastic loading of the litho-

sphere by the prism probably resulted in downwarping of the cargin 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 4-7c. The basin 

probably received sedi~nta shed east from the priam and west from the 

continent. The Triassic rocks were later overthrust by the accretion-

ary prism and were partly incorporated into it, along with lower Paleo-

zoic rocks, due to continued eastward motion of the prism as conver-

gence persisted. This resulted in eastward tectonic progradation of 
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the allochthon by imbrication and incorporation of lower Paleozoic 

rocks of the lower plate in packets such as 1 and 9. 

The rest of this section is an analysis of possible 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, compoai-

tion, and oxygen fugacity (Faust and Fahey, 1962; Yoder, 1967; Barnes 

and O'Neil, 1969; Iishi and Saito, 1973; Coleman, 1977). Experimental 

~rk shows that most of serpentinites can form from ophiolite perido-

tites in the temperature range of 100°-300° C (Wenner and Taylor, 

1971). 

The amount of water needed to form serpentine from a peridotite 

depends on the original content of olivine, pyroxene, and plagioclase 

in the ultramafic rock, and on the mobility 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, whereas many ophiolite 

serpentinite& were formed by meteoric water, in a continental crustal 

environment, at temperatures between 0° and 300° C (Magaritz and Tay-

lor, 1974; Wenner and Taylor, 1971; Coleman, 1977). 
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During serpentinization, density of peridotite decreases from 3.3 

gr/cm3to 2.5 gr/cm3 in serpentinite. If serpentinites become 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 models for emplacement of the serpentinite in the Golconda 

allochthon based on the above discussion. 

~ l - The fault-zone serpentinites (Chapter 2) are 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 pri~ in the upper plate by underplating (Karig and 

Ray. 1981; Moore and others, 1981), a tectonic process that could have 

been facilitated by serpentinization of the oceanic crust as it slid to 

a depth where temperature and activity of H
2
o 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 Reuene and Lee, 1982). Sup-

porting evidence for this hypothesis are the high fluid pressure 

observed in modern subduction zones , for example Barbados, 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 ~assive and pillow basalts 



201 
are common in the Golconda allochthon (e.g. vlb, v2b, P2b units). 

Basalts of the Golconda allochthon, 20 km to the south of the study 

area, are related to ocean floor through chemical analysis by Speed 

(l977a). 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 accreted 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 as dunite and harzburgite (Poole, 1973). Poole 

(1973) interpreted these serpentinites as fragments of Paleozoic or 

older upper mantle that were incorporated in the Roberta Mountain and 

Golconda allochthon through unspecified tectonic processes during 

Paleozoic plate convergence. 

~ ~ - Fault-zone serpentinites are originated from serpentinized 

part of an oceanic crust after it moved under the accretionary prism 

through upward plastic diapiric movement that was facilitated by ita 

buoyancy and low shear strength as discussed before (Figure 4-7b). 

~ 1 - Fault-zone serpentinites are diapirically injected from 

beneath the Golconda accretionary prism, after or during its last stage 

of emplacement, along extensional faults (R. C. Speed, Pers. Comm., 

1982) which were formed by flexing the underriding lithosphere because 

of the load of the accreted or accreting Golconda allochthon as modeled 

by Speed and Sleep (1982) (Figure 4-7c). The source of the serpentinite 
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could be those discussed in models 1 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 allochthonous Triassic rocks 

(Fig'ure 4-6 and 4-7 c). 

Model ± - Fault-zone serpentinites were deposited as large olistos-

tromes which were carried with other clastic debris into the deposi-

tional site of the terrigenous rocks. The source of these olistostromes 

eould have been in the older Roberts Mountain alloebthon, 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 Paleozoic autochthonous rocks in 

Wisconsin Canyon, this model is not favored because of the apparent 

lack of more of such serpentinite& in the autochthon, and because not 

all the large serpentinite slices are associated with terrigenous clas-

tic rocks. Moreover, this model 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 ~ parts of the Golconda allochthon 

~~Wall Canyons - The nearest place, where the allochthon has been 

studied in detail is between 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-

sian of fault bounded packets of upper Paleozoic rocks, and the under-

lying Diablo Formation and lower Paleozoic rocks, are well correlated 

with rocks of the study area (Speed and others, 1977; Speed, l977a). 

The major difference, however, is in the absence of the coarse-grained 

volcanogenic sedimentary rocks in this southern part of the allochthon. 

Here, the volcanic rocks are pillow basalts that are correlated chemi-

cally to oceanic tholeiite (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. eomm4). The 

time of emplacement of these rocks on the continental margin is taken 

to be late Permian or Mesozoic4 The surface, separating the allochthon 

and the lower plate Diablo Formation is the folded Golconda thrust. 

The tectonic fabric in the allochthon in this area is dominated by 

a slaty cleavage in pelite and axial planes of isoclinal folds of 

chert, both parallel to bedding except in hinges of folds (R. C. Speed 

1977a, unpub. data). Here, chert beds are lenticular along the folia-

tion. Such structures are well correlated with Fl structures in the 

study area. 

The environment of deposition of upper Paleozoic allochthonous 

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). 

~Pass Range -Rocks of the New Pass Range assigned to the Golconda 
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allochthon (l1acMillan, 1971) can mostly be correlated with those in the 

study area (Speed, 1977a). Here, the Golconda allochthon includes 

highly deformed interbedded chert and pelite , homogeneous chert, vol-

canogenic sedimentary rocks, pillow basalts, pebbly mudstone, and 

carbonate-quartz-chert sandstone (MacMillan, 1972; Speed, 1977a). The 

allochthonous rocks of the New Pass Range are overlain by upper Lower 

Triassic rocks with an angular unconformity. The allochthon is juxta-

posed by the Golconda thrust over autochthonous homoclinal upper Paleo-

zoic rocks, which correlate with the Antler Sequence (Chapter 1), and 

highly deformed lower Paleozoic rocks of the Valmy Formation. Here, 

the contact between the lower and upper Paleozoic rocks is an angular 

unconformity. 

MacMillan (1972) demonstrated that the emplacement of the Golconda 

allochthon occurred before the deposition of the late Early Triassic 

rocks, and further narrowed its age between post Guadalupian and pre-

Smithian (latest Late Permian to late Early Triassic). 

The allochthonous upper Paleozoic rocks have undergone t~o major 

folding events in the new Faas Range (MacMillan 1972}. First folds are 

isoclinal with W to WNW plunging axes. These are refolded homoaxially. 

These folds do not exist in the upper Paleozoic terrigenous clastic and 

shallow water autochthonous rocks below the Golconda thrust. The second 

folding occurred when the upper Paleozoic rocks ~ere moved over the 

Golconda thrust. In this second event, folds were formed both in the 

allochthonous rocks and locally in the upper thin layer of the auto-

chthon with coplanar axial planes dipping shallo~ly WNW. These folds 
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are overturned toward the east, indicating a significant west to east 

component of displacement over the Golconda thrust. 

Northern ~ - The rocks belonging to the Golconda allochthon in 

northern Nevada (The Havallah sequence) include chert-greenstone-

jasperoid units that range in age from Mississippian to Permian, chert 

and argillite of tate Devonian to Permian age, siliciclastic, calcare-

ous, and volcaniclastic turbidites, and massive sulfide and siliceous 

Fe and Mn deposits (Snyder and Brueckner, 1983). These authors inter-

pret the rocks to have been deposited in an ocean basin with active 

spreading (during late Paleozoic) which were emplaced over the con-

tinental North America between latest Permian and late Early to Middle 

Triassic. Through diagenetic, lithologic, and structural analyses, 

these workers suggest that the allochthon was pre-packaged through 

accretionary processes during late Paleozoic, before its eastward 

emplacement along the Golconda thrust. 

An evidence of an unconformable contact between upper Middle 

Triassic rocks, 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 Havallah 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-

chthonous rocks in the New Pass Range and probably other parts of 
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icant west to east northern Nevada correlate vell with those in the study area, indicat1~~ 

that the allochthon is a coherent and continuous tectonic assemblage 

da allochthon in 
with regional extent and systematic depositional and tectonic history 

chert-greenstone-
which can best be explained by plate interactions during late Paleozoic 

to Permian~ chert 
and early Mesozoic. 
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APPENDIX I - METHODS OF TWO-DI}ffiNSIONAL STRAIN ANALYSIS 

The two dimensional strain methods used 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 

~A.- (Slope method) 

This method (Cloos, 1947, 1971; Ramsay, 1967) assumes that 

strain markers were initially spherical and is extended for the case 

of non-spherical grains by Mukhopadhyay (1973). If grains have an 

original axial ratio of 1, their axial ratio after ntrain reflects 

finite strain assuming that their ductility is the same as the 

matrix and that the strain is homogeneous, that is, amount and 

direction of strain are the same at every point of the rock. To 

determine whether grains in a deformed rock come from the same popu-

lation of initial axial ratio, Mukhopadhyay (1973) used linear 

correlation of the long and short axis of the grains and defined, r, 

the coefficient of goodness of linear correlation (Krumbein and 

Graybill, 1965) (Eqn. 1), 

r ( 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 
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graina with constant initial axial ratio (Ri) and orientation vill 

after deformation sbov high values of r but still less than 1 

because strain is in general inhomogeneous and therefore grains are 

elo?gated differently. However, if grains were originally elliptical 

with different Ri and (or) had random initial orientation, r will be 

low, and will decrease as strain increases (Mukhopadhyay, 1973). 

The slope of a best fit line passing through the origin and 

data points on a long versus short axis plot (e.g. 'Fig. 3-57) will 

estimate the axial ratio of strain ellipse only if grains were ini-

tially circular and deformed homogeneously. Because grains have fin-

ite dimensions and can not attain zero length, the best fit line can 

not have an intercept. Equation 2 (Krumbein and Graybill, 1965; 

Mukhopadhyay, 1973) w2s used to calculate the alope of the best fit 

line forced to pass through the origin, vhere X and Y are as defined 

before. 

slope (2) 

Methods A • .£., §.rui 1! - (~of ~) 

Method B (Cloos, 1941, 1971; Ramsay, 1967; Lisle, 1977b; Hos-

sack, 1969) assumes that grains had an original ~ircular section and 

measures the arithm~tic mean according to Equation 3, where Rf is 

the final axial ratio of the long and short axes of grains. Because 

the initial axial ratio and orientation (Ri and e) of the grains are 

net included in this calculation, the arithmetic mean is an impre-

cise estimate of strain axial ratio unless grains were originally 
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circular and deformed homogeneously. Its validity for such an esti-

mation is challenged in cases where initial eccentricity of the 

grains is unknown (Ramsay, 1967, p. 214; Lisle, 1977b). 

Methods C and D use geometric and harmonic means of the grain 

axial ratios according to Equation 4 and 5, respectively, to eati-

mate Ra. 

arithmetic mean A ERf I N (3) 

geometric mean o G • N I Rf l x Rf
2 

X .... x RfN (4) 

harmonic mean H o E(l I Rf 
1

) (5) 

(where N is population of the grains 

The harmonic mean (H) was introduced for strain analysis by Lisle 

(1977b). The value of B is less than that of geometric mean, and 

both are less than the arithmetic mean. 

The three means were tested against Rs through mathematical 

models by Lisle (1977b). He concluded 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 ratios 

(between 1 and 4) and with no preferred orientation are intensely 

but homogeneously 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 axial ratio because it is strongly dependent on 

initial shapes of the grains. 
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GROUP II 

The methods of this group use axial ratio (Rf ~ long/short) and 

the angle between the long axis of grains and a reference line (~). 

The reference line is usually· the trace of cleavage on the sections 

where strain is measured. They use algebraic, graphic, and statist-

ical procedures and take into consideration the factors that control 

the final shape of the grains as discussed in Chapter 3 (th~ory of 

strain) and therefore provide a better estimate of shape and orien-

tation of two dimensional strain ellipse. Brief description of each 

of these methods is as follows: 

~! - (Method of Shima.moto !!1-.i Ikeda, 1.21.§.) 

This method assumes that initially randomly oriented ellip-

soidal grains deform homogeneously 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 

(6) 

This is a symmetric matrix and is called average final shape matrix 

(Shimamoto and Ikeda, 1976). The two measurable parameters, Rf and 

~. are used to calculate the components of this matrix using Equa-

tiona 7 through 12. 
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/Rfi 

2 Rf. 2 
(7) fi COS1!i + sin¢

1 L 

sinq.,~ Rf. 2 
(8) gi /Rf1 + cos.p

1 L L 

h. •(I 1((11Rf1)-Rf1))sin¢1 c.os¢
1 

( 9) 
L 

f I NL:f. (10) 
L 

g I Nl:gi (11) 

h 1 I Nl:h. (12) 
L 

The principal axes of the strain ellipse are eigenvalues (A) of the 

average final shape factor matrix and should satisfy the cbarac-

teristic equation 13. 

f - ).1 h 

. 0 ( 13) 

h g - ).2 

Equation 13 can be diagonalized and solved for ita two solutions; Al 

and ~2. The length of the principal axes of the strain ellipse are 

1/JAl and l/~A2. The principal direction 9 is found by Equation 14. 

tan 28 :'3 f - g (14) 

~! - (~ .&lillll ~of Elliott, ill.Q) 

This method does not assume an initial random distribution of 

the elliptical grains and makes it possible to establish initial 

distribution solely by examining the deformed distribution on a 
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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 

coordinates with radius vector as a natural logarithm of the axial 

ratio (Ef) and polar angle as the double of the long ·axis orienta-

tion (2~). N, the grain population, is chosen during measurement 

such that a pattern (elliptical, heart-shaped, delta-shaped, point 

m.axitna, etc.) emerges on the polar graph. The patter-n is indicative 

of initial preferred orientation of the grains. For example, delta-

and heart-shaped distributions indicate an original unimodal pre-

£erred orientation and an elliptical shape is a result of deforming 

an initial random distribution. Once the shape of the distribution 

if apparent, it is contoured preferably by the method of Mellis 

(Turner and Weiss, 1963). To determine the strain ellipse, we need 

to locate a point on the polar graph that was initially circular 

(ICP) (Elliott, 1970; Boulter, 1976; Tobiscb and others, 1977). For 

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 ICP are discussed by Boulter (1976). 

ICP represents the strain ellipse on the polar graph for which ff • 

£s. Orientation of the strain ellipse can be· directly read from the 

reference line on the polar graph using half the polar angle. 

Method f.!. - (Tobisch and 21.hll!.. 1.211) 

This method adopts a statistical procedure 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 coordinates of all the grains 

into 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 points 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 units 

from this point to the origin of the plot is equal to. es, from which 

Rs can be determined using Equation 19. 

<f . • 0.5 ln Rf 1 (15) 
> 

X. :::t s:fi cos$: (16) 
> > 

yi = ££. sin$~ (17) 
> 

< • EX. 
s > 

I N (18) 

Rs = e (2<s) (19) 

The statistical way of finding the center of the distribution 

discussed above leads to a consistent overestimation of strain ratio 

for the following reason. Holst (1982, p. 341) indicated that ICP 

on elliptical patterns of polar graphs, representing deformation of 

grains with initially different axial ratio and circular pattern on 

polar graph, lies to the left of the center of the elliptical dis-

tribut~on 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, leading to an overestimation of es and therefore 

strain axial ratio. 
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This procedure is essentially that of Elliott (1970) and 

Tobisch and others (1977). Holst (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 this effect, he provides 

an empirical factor, F, that ranges between 0.87 and 1.00. Rs ca1cu-

1ated by method F1 can be multiplied by an appropriate value of F, 

that can directly be read from his Figure 7, to provide an accurate 

measure of two dimensional strain. 

This method employs strain markers of any shape and assumes 

that they were initially randomly oriented and strained homogene-

oualy. Robin (1977) presented a technique to calculate strain ratio 

in a section that contains grains with various outlines. The pro-

cedure for this general case is not considered here because the 

grains used in this study are elliptical in shape. However, he pro-

vided Equations 20 and 21 below to calculate strain ratio ( vf~ 1 /~~ 3 
) using Rf and~ of elliptical grains • 

Rs e 

(tan¢~+ Rf~)/(Rf~ tan9~ +1) )O.S 

( (Eln a./c.) /N ) 
' ' 

(20) 

(21) 

This method is straightforvard and more objective than the graphic 

or statistical methods, and yields unique results which, although 
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calculated in an independent way, are close to those of Shimamoto 

and Ikeda method. 

The original Rf/~ method, first described by Ramsay (1967) and 

developed by Dunnet {1969) and Dunnet and Siddans (1971), requires 

that Rf and ~ 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 Dunnet, 1969) (Equation 3-5) for different values of 

Rs and Ri. The best fit library curves of Rs and Ri are taken as the 

representative of the axial strain ratio and the initial axial 

ratios of the grains, respectively (e.g. Fig. 3-60). No restriction 

on the initial axial ratio (Ri) of grains is present in this method. 

However, grains are assumed to be initially elliptical with random 

orientation that deformed homogeneously. 

Lisle (1977b) and Peach and Lisle (1979) improved this method 

by plotting curves of equal initial axial orientation (6) on the 

Rf/~ graphs. Rs is determined by comparing the distribution of the 

grains on the R£/; plot with theoretical curves as described above 

except that the best fit is selected by the Chi-Square test. This 

fit 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 distribution 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 Rs (e.g, Fig. 3-60c). This test also provides a 

check on the validity of assumptions undertaken by the method. 



APPENDIX II - METHOD OF THREE-Dl}ffiNSIONAL STRAIN 

ANALYSIS (RA!ffiAY, 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, j, and k parallel to the three intersections of 

cleavage with thin section b, c, and d, respectively. These are 

* * * parallel to Atb, Ate, and Ald. 

2- Measure angles a, ~. and y between these lines on the stereonet, 

where a.,i <( j, Jh• j <( k, and Y=i < k. 

"' 3- Draw triangle ABC (deformed state) of arbitrary size, sides of which 

are chosen parallel to i, j, and k with their correct angular rela-

tionship (Figure APP-1). 

4- Calculate the original length of the sides of this triangle (i.e. 

AB, BC, and AC) using their corresponding quadratic elongations (J< 
) and final lengths (/..P,, Be~, and f..C) using the following relation-

229 



.IN 

1in analysis 

.ines and the 

lines are 

:leavage. The 

1ional strain 

•e steps in 

tg specimen t 

:sections of 

.y. These are 

stereonet, 

i.des of which 

mgula.r rela-

i.angle (i.e. 

1gations c< 
1g relation-

ships (Figure App-la): 230 

I I _ * 
AB=AB/1 Alb 

I I - * 
, BC=BC/1 Ale '' * , AC~AC/1-Ald 

5- Draw t<riangle ABC and plot perpendicular lines (EF, BF, and DF) to 

its sides at points E, F, and D. Use the proportionality of the two 
,,,, ~/ / 

triangles (e.g. AD/DB = AD/DB) and locate points D, E, and F on tri-

"' angle ABC (Figure APP~l). 

I// / 

6- Draw perpendicular lines to the sides of triangle ABC at points D, 

' ' E, and F. Find the angle $(angular shear) between each line and 

/1/1 //1' 
lines of DF, BF, and EF. ~1, Wj, and Wk correspond to the angular 

shears of lines i, j, and k, respectively. ~is positive if an arrow 
/' / / ~ 

connecting the perpendicular line and each of the lines DF, BF, and 

" EF is clockwise (Figure APP-lb) 

7- Raving the quadratic elongations and angular shears for i, j, and k, 

' I calculate /, A, and J for these lines using the following relation-

ships: 

J • tan '/' ' 7\ = 1/ A 
/ 

) • Jl ). 

8- On an orthogonal coordinate system of {and 1: plot lines i, j, and 

k as points ?
1
., p

3
., and Pk with the following coordinates: 

P I ).'. )J' j ' J I 

9- Draw the Mohr Circle passing through the three points and find its 



center (c). 

10- Check the angles PicPj, PjcPk, and PicPk. These should be equal 

2a, 2p, and2J, respectively. 

231 

to 

I 
11- Find the intersections of the circle and the A axis. These are A 1 

I 
and { 2 ()J. < (, ~ ), or values of the reciprocal quadratic elonga-

tions on cleavage. 

I 

12- Read the angles subtended between )Ll and lines i, j, and k (29i, 

29j, and 29k). 9i is the angle between the principal axis of the 

longitudinal strain and line i for example. Draw these angles on 

'" triangle ABC as well as on the stereonet. These constrain the direc-

tion of X and therefore Y on the cleavage (Figure APP-lb and APP-2). 

13- Calculate At and A2, hence X and Y and their ratio X/Y on the 

cleavage using the following relationships: 

I I 

A 1 • 1/ A1 ' A 2 • 1/ A2 y ·lA 
2 

S1 

Sl 

St 
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uld be equal to 

' • These are A 1 
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:io X/Y on the 

An example of 3D strain analysis using specimen f! 0516 232 

The steps used in this example correspond to the ones 
in Appendix II. 

Step 1: (from 2D strain analysis) 

* * 

Step 2: 

Step 3: 

Step 4: 

!-i= Alb= 6.1504 

* * !-.=A = 7.3984 
J lc 

(from Fig. 3-1~9, 

a 90° 
B 46° 
y = 44° 

(see Fig. la) 

" * AB/1 A. , All 

where, b, c, & d refer to thin 
sections. 

specimen OS16) 

10//6.1504 = 4.032 

BC " * BC// Aj = 10.3/17.3984 = 3.79 

" * AC/1 Ak 14.4//5.0625 6.4 AC 

Step 5: (see Fig, lb) 

2.78 " AD 
TT 
DB DB 1.25 ~ 3.1x2.224=6.9 =AD 

II It I I [ ~~2:4:~;~~2~:.1 II l 
-----~---~::::_~~---------=~:~~==~:------=~~-
B~ BE 1.39 [0.56?h~=l.569 J 
""'- = -- 10.3":'l.:J69=6.56 ,, 
EC EC 2.44 ~ 6.56x0.5697=3. 74,T BE 

,, ,, 6.56xl=6.56 "'EC 
B£=0.5697 EC 

~~--------------------------------=----------- l 
AF AF 3.35 [1.09~+1-2.098 
TT =-- = --- 14.4":'2.098::6.86 11 

FC FC 3.05 =>- 6.86xl.098=7 .54 =r,AF 
I' '' 6.8&:<1"'6.86 "' FC 
AF 1. 098 FC 
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Step 7: 

Step 8: 
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Step 10: 

(see Fig. 1) 233 

'4-1 =+17° 
i 

$."'-20° 
J 

l.jlk=-4.70 

y,•O.JOS y,•-0.36 yk=-0.82 
.> J 
t-6.1504 t,. 7.3984 ~k- 5.0625 , J 

f-0.162 f-o.m ~~-0.197 
' J 

' ' ' y,• 0.049 y.=-0.049 y,=-0.017 
' J 

(see Fig. 2) 
The coordinates of the points i, j' and k on the 
Mohr circle are: 

pi( 0.162,0.049) 
pj(O.l35,-0.049) 
pk(0.197,-0.0l6) 

(occ Fig. 2) 

The angle picpj ~ 180 ~ 2a 
The angle picpk z 92.5 z 2S (see step 2 for a,S,y) 
The angle pjcpk z 87 z 2y 

Step 11: (see Fig. 2) 

' At" 0.098 

' " 2• o.t99 

Step 12: 
28.• 105° 8. 52.5° 

' ' 
28j= -75° 8 . . -37.5° 

J 

28k= -161 e • 
k -80.5° 

Step 13: 

AI 1/ 0.098 . 10.2 X = 3.19 

A2 1/ 0.199 • 5.02 y . 2.24 
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Figure APP-1. Triangle construction of three-dimensional 
method of strain analysis. 
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