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Abstract 

Structure of the Oxbow Area, Oregon and Idaho 

William J. Schmidt 

The northeasterly trending Oxbow-Cuprum shear zone is a zone of 

intense deformation up to 1 km wide and 8 km long located in northeastern 

Oregon and western Idaho. The Oxbow-Cuprum shear zone is composed 

primarily of metamorphosed igneous rocks (quartz diorite, gabbro, diabase, 

and quartz keratophyre) and their mylonized equivalents. 

The rocks of the Oxbow area have experienced four periods of deforma¬ 

tion. The first deformational event (F. ) resulted in the formation of a 

foliation (S. ) and lineation (L. ). S. strikes northeast and dips steeply, 
x a la la 

is irrotational. The effects of the second deformational event (F^) are not 

as widespread as those associated with Fja* F^ structures include a 

subhorizontal northeast-trending intersection lineation (L^), isoclinal folds, 

and steep northeast striking axial plane cleavage (S^)* Strain associated 

with this event is rotational. During the last two deformational events (F£ 

and F^) S^-planes were folded into open, asymmtric mesocopic and megascopic 

folds. Fold axes (L^) for F 2 plunge at variable angles to the southwest. F£ 

axial planes (S^) have a shallow to moderate dip and northwesterly strike. 

F- fold axes have a moderate to steep plunge. Axial planes (S~) for F* 

trend either north-south or east-west, dipping steeply. 

Fja and F^ are probably the result of northwest-southeast crustal 

L. trends northeast and is subhorizontal. Strain associated with this event 
la 

shortening. The ductile nature of F^a and F^> along with the similar 

orientation of Sand S^, implies that these two events are related to a 

Triassic metamorphie event which￼ 



age determination)* F^ and appear to be the result of northeast-southwest 

crustal shortening. These two events may be related to this Triassic event 

or to some other deformation event (or events) which occurred prior to the 

Cretaceous. 

Paleontological, sedimentological, and structural data indicate that the 

Seven Devils terrane and portions of the Centrai Melange terrane were 

accreted to the continental margin during the Late Jurassic. The Triassic 

event is related to crustal shortening which occurred at some distance from 

the North American continent. The igneous rocks associated with the Oxbow- 

Cuprum shear zone (i.e. the Oxbow complex) probably represent a portion of 

the substructure on which the Seven Devils Group was deposited. 
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Introduction 

Mesozoic plate motions 

Tectonic models for the Early and Middle Mesozoic in the Cordilleran 

are sketchy and incomplete due to the paucity of field data, imprecise dating 

of geologic events, and complex polyphase deformation. The limited data 

suggest that plate motions during the Mesozoic were complex. Paleomagnetic, 

paleontological, and stratigraphic data support the hypothesis that many of 

the pre-Tertiary terranes of western North America are allochthonous, having 

been accreted to the continental margin during the Mesozoic in response to 

unknown plate motions (Hamilton, 1978; Jones and others, 1978; Davis and 

others, 1978). One such allochthonous terrane, informally called "Wrangellia," 

is of subcontinental dimensions extending from the Wrangell Mountains of 

southern Alaska to Vancouver Island, British Columbia (Jones and others, 

1978). Another supposedly allochthonous terrane consists of the Cache Creek 

group in British Columbia which has been correlated with the Calaveras 

terrane in the Foothills of the Sierra Nevada (Davis and others, 1978). 

Statement of problem 

The per-Tertiary rocks of the Blue Mountains in northeastern Oregon 

have been studied in much less detail than those elsewhere. Recently it has 

been suggested (Jones and others, 1977; Monger, 1975; Davis and others, 

1978) that the allochthonous Wrangellia and Cache Creek terranes are repre¬ 

sented in northeastern Oregon by two petrotectonic terranes which Brooks 

and Vallier (1978) refer to as the Wallowa Mountains - Seven Devils Mountains 

volcanic arc terrane and the dismembered oceanic crust terrane (Dickinson's 

(1979) Seven Devils and Central Melange terranes, respectively). The contact 
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between these two terranes is best exposed near Oxbow, Oregon (Fig. 1). 

Severe deformation in the Wallowa Mountains - Seven Devils Mountains 

volcanic arc terrane of northeastern Oregon is restricted to three zones: 

the Oxbow-Cuprum shear zone, the Cougar Creek shear zone, and a third 

unnamed shear zone (Fig. 2) which crops out near the confluence of the 

Imnaha and Snake Rivers (Vallier, 1974). Vallier (1974) notes that "extensive 

deformation, recrystallization, and plutonism have occurred along these zones." 

He believes that most of the shearing and plutonic activity in these zones 

occurred during the Late Triassic and Jurassic, based upon field relationships 

and correlations with adjacent areas. An understanding of the kinematics 

and timing involved in the formation of these zones of intense deformation 

may shed light on the emplacement history of this allochthonous arc terrane. 

The purpose of this thesis is to examine the timing and kinematics of 

deformation of one the these zones: the Oxbow-Cuprum shear zone. 

Regional Geology 

Petrotectonic terranes 

The pre-Tertiary rocks of northeastern Oregon have been divided by 

Dickinson (1979) into the following four petrotectonic terranes: 1) the Seven 

Devils terrane, 2) the Central Melange terrane, 3) the Huntington Arc terrane, 

and 4) the Mesozoic Clastic terrane (Fig. 3). The Oxbow area lies on the 

boundary of the first two terranes. The rocks in these terranes have been 

described by Brooks and Vallier (1978) and Dickinson (1979). The Seven 

Devils terrane consists of Permian and Upper Triassic volcanic and volcani- 

genic rocks of the Seven Devils Group, Permian and Middle and Upper Triassic 

volcanic rocks of the Clover Creek Greenstone, and overlying Upper Triassic 
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Figure 1. Map from Brooks and Vallier (1978) showing the pre-Cenozoic 

petrotectonic terranes of northeastern Oregon. 
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Figure 2• Map (after Taubeneck, 1966) showing location of shear zones and 

Olympic - Wallowa lineament in northeastern Oregon. 
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Figure 3. Map from Dickinson (1979) showing the pre-Cenozoic petrotectonic 

terranes of northeastern Oregon. 
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and Lower Jurassic carbonate and clastic rocks. The Central Melange 

terrane consists of a structurally chaotic assemblage of pre-Upper Triassic 

plutonic and Devonian to Middle Triassic supracrustal rocks. The plutonic 

rocks are mafic, ultramafic, and silicic in composition; the supracrustal rocks 

include metamorphosed chert, mudstone, volcanic rocks, and limestone. The 

Mesozoic clastic terrane consists primarily of Upper Triassic to Upper Jurassic 

clastic sedimentary rocks. Locally volcanic rocks are interbedded with the 

sedimentary rocks of this terrane. The Huntington arc terrane is made up 

of volcanic and volcaniclastic rocks of Late Triassic age. 

Allochthonous terranes 

Many workers (Jones and others, 1978; Vallier and others, 1977; 

Hamilton, 1978) believe that the pre-Tertiary rocks of northeastern Oregon 

are allochthonous. Jones and others (1978) hold that the west coast of North 

America is an accretionary terrane made up of allochthonous fragments of 

varying size and composition (Fig. 4). They note two periods of accretion: 

one lasting from the Paleozoic to Early Triassic and the other from Late 

Triassic to Early Cenozoic. "Wrangellia” is a name given to a differentiated 

terrane of the later time period of accretion. Wrangellia consists of a 

characteristic suite of Permian and Upper Triassic basalt and andesite flows, 

limestone, and fine-grained clastic rocks, extending from Alaska to Vancouver 

Island. The stratigraphy and fauna of the Seven Devils terrane is strikingly 

similar to the coeval rocks which compose Wrangellia (Jones and others, 

1977). Jones and others (1977) note that this terrane in northeastern Oregon 

may represent a detached fragment of Wrangellia. Paleomagnetic and 

paleotological data suggest that rocks comprising Wrangellia formed at low 

latitudes and have travelled at least 3000 km since the Late Triassic prior 
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Figure 4. Map from Jones and others (1978) showing distribution of accretionary 

terranes of western North America. 
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to their accretion to the North American continent, which Jones and others 

(1977) believed occurred by the Late Cretaceous. 

Exotic fossil fauna 

The occurrence of exotic fossil faunas at scattered localities throughout 

northeastern Oregon may indicate that at least some of the pre-Tertiary 

rocks of northeastern Oregon are allochtonous. Limestone pods, some with 

Tethyan and others with American Permian fusulinid faunas, are found in 

structurally isolated portions of the Central Melange terrane (Dickinson, 1979). 

Tethyan and non-Tethyan fossil localities of the Centred Melange terrane are 

shown in Figure 5. Upper Triassic bivalves found in the Seven Devils terrane 

apparently represent Artie and Western Pacific fauna (Jones and others, 1977). 

Regional deformation 

The regional deformation of northeastern Oregon appears to be the 

result of at least two major orogenic events (Ave Lallemant and others, in 

press). The first event is associated with Permian and Upper Triassic volcanic 

activity. Trends of this event are dominately north-south (Fig. 6). The second 

event occurred during the Jurassic prior to the intrusion of granitic stocks 

and batholiths of Oxfordian and younger age (Armstrong and others, 1977). 

Trends for this event are dominately east-west. 

Cenozoic rotation 

Cenozoic oroclinal bending of northeastern Oregon has been proposed 

by Hamilton and Myers (1966). Evidence in support of oroclinal bending 

includes the distribution and structural trends of pre-Tertiary rocks and the 

paleomagnetic data from Miocene lavas (Watkins and Baksi, 1974) and Jurassic 

plutonic rocks (Wilson and Cox, 1979)* Rocks in northeastern Oregon may 

have undergone a counterclockwise rotation of over 50° since Mesozoic time 
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Figure 5* Map from Bostwick and Nestell {1967) showing Permian fusulinid 

localities in the northwestern United States and southwestern British Columbia* 
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Figure 6, Map from Ave Lallemant and others (in press) showing the four 

petrotectonic terranes (A, B, C, and D) of northeastern Oregon adong with 

Upper Triassic and Upper Jurassic structures. 
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(Fig. 7). 

The Oxbow-Cuprum Shear Zone 

Size and extent 

The Oxbow-Cuprum shear zone is the most southerly of the three 

zones of intense deformation found within the Seven Devils terrane of 

northeastern Oregon (Vallier, 1974). This zone trends northeasterly from 

Oxbow, Oregon into Idaho, where it extends for 8 km along Indian Creek 

(Fig. 8 and accompanying map). The Oxbow-Cuprum shear zone is on strike 

with a similar zone of deformation in the Cuprum area of western Idaho 

(Hamilton, 1963), the intervening area is covered by the Columbia River 

Basalts. Unlike Vallier (1974), Taubeneck (1966) includes the shear zone in 

the Cuprum quadrangle as part of the Oxbow-Cuprum shear zone (Fig. 2). 

With this addition the shear zone has a total length of about 40 km and is 

up to 0.8 km in width. Vallierfs usage of the term will be adopted in this 

report. 

Shear zone in Cuprum area 

The rocks associated with the shear zone in the Cuprum quadrangle 

(Hamilton, 1963) include the Seven Devils Volcanics (Seven Devils Group 

equivalent) and plutonic rocks. The Seven Devils Volcanics in the Cuprum 

area cure made up of a stratigraphically and structurally complex sequence 

of submarine tuffs, calcareous sediments, and lavas which make up a sequence 

thousands of feet thick. The most commonly occurring rock types are 

parphyritic andesite and keratophyre. The rocks have undergone low green- 

schist facies metamorphism. 

The plutonic rocks have been divided (Hamilton, 1963) into three units: 
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Figure 7. Map showing permissible but hypothetical Cenozoic tectonic 

of the Blue Mountain province (after Dickinson and Thayer, 1978). 

rotation 

Dashed 

lines show positions of major Mesozoic provinces prior to the Cretaceous. 
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Figure 8. Geology of the Oxbow-Cuprum area, Oregon and Idaho (after 

Hamilton, 1963 and Vallier, 1974). 
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pretectonic metagabbro and metadiorite, syntectonic granodiorite, and post- 

tectonic quartz diorite. The pretectonic and syntectonic units are found only 

in the zone of intense deformation and have a general structure which is 

concordant with the metavolcanic rocks which they intrude* The pretectonic 

unit is the most severely deformed* The effects of deformation in this unit 

vary widely; some rocks have preserved igneous fabrics while others are 

deformed forming flaser gneiss and even mylonite. The age of igneous 

activity, deformation, and metamorphism is questionable, occurring sometime 

in the Triassic and/or Jurassic (Hamilton, 1963)* 

Rock types of Oxbow area 

In the Oxbow area the rocks northwest of the shear zone comprise 

the oldest formations of the Seven Devils Group: the Windy Ridge and the 

Hunsaker Creek Formations* Paleontologial data (Vallier, 1974) indicates that 

the Hunsaker Creek Formation is Permian in age. This formation is made 

up of silicic flow rocks, which are common near the base, and abundant 

volcaniclastic rocks. The underlying Windy Ridge Formation is stratigraph- 

ically inferred to be Permian in age (Vallier, 1974) and is made up of silicic 

flows, mainly quaryz keratophyre. Portions of the Windy Ridge Formation 

are severely deformed. 

There are three other mapable pre-Tertiary units in the Oxbow area 

(Vallier, 1974). One is the shear zone itself* It is made up of phyllites, 

schists, amphibolites, and mylonites, with numerous dikes ranging in 

composition from basalt to andesite. Another unit is the Oxbow amphibolite 

which is made up of metagabbro and metabasalt. The last unit is the Oxbow 

quartz diorite which is in places severely deformed. The age of the Oxbow 

complex, which includes the Oxbow amphibolite and the Oxbow quartz diorite, 
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is questionable* This complex may represent part of the Permo-Triassic 

Canyon Mountain Magma Series or may be equivalent to multi-phase plutons 

of Late Triassic to Middle Jurassic age which crop out in many areas in the 

Snake River Canyon (Vallier, 1974)* The metamorphism of the Oxbow complex 

that the complex is pre-Jurassic in age. The highest grade of metamorphism 

associated with this event is that of the epidote-amphibolite facies (Phelps, 

1978). Rocks throughout the area have at least undergone equilibrium 

greenschist facies metamorphism (Vallier, 1974). 

Terminology 

Four deformational events have been recognized in the Oxbow-Cuprum 

area. The first two events are interpreted as having formed consecutively 

during one deformational episode; they are labelled F^ and F^* The last 

two events may or may not be related to F^ deformation; they are labelled 

F^ and F y 

Bedded rocks 

Within the area of study (see accompanying map) the Windy Ridge and 

Hunsaker Creek Formations are generally little deformed. Penetrative 

deformational features such as axial plane cleavage are for the most part 

absent in these two formations within the study area although in places the 

Windy Ridge Formation is mylonized. Bedding planes (SQ), only rarely 

recognized in the Oxbow area, strike northeast and dip moderately to the 

southeast (accompanying map). 

has been dated fuAr/ 7Ar age determination on amphiboles from an amphib¬ 

olite collected near Oxbow Dam; Phelps, 1978) at 220+-3.5 m.y. which indicates 

Structures 
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The rocks in the shear zone are pervasively but not homogeneously 

deformed. Zones in which primary structures are preserved grade into areas 

of extreme deformation, 

Fla 

Structures which formed during the first deformational episode (Fj^) 

include a penetrative cleavage (S^) and lineation (L^). The penetrative 

cleavage is defined by flattened mineral grains and associated rock cleavage 

(Fig. 9). It is best developed in mylonitic and ultramylonitic rocks and is 

weakly developed in the less severely deformed protomylonites. strikes 

northeast and is subvertical (Figures 10 and 11), The lineation, L. , is 

defined by elongate mineral grains. This lineation is developed locally. L- 
l a 

trends northeast and is subhorizontal (Fig. 12). No folds related to this event 

were observed. 

Fib 

The effects of the second deformational* episode (F^) a*® observed 

only locally. The results of this event are seen in the folding of into 

isoclinal, similar type folds (Fig. 13), the mylonization of previously deformed 

rocks, and the formation of an axial plane cleavage (Sj^) and a lineation 

(Ljb) formed by the intersection of S^a and is well developed only 

in the most severely deformed rocks and is not as widespread as S^a (Fig. 

14). In rocks deformed by Fj^ cataclastic textures, such as ribbon quartz 

and severely cataclasized mineral grains, are ubiquitous. The two cleavages 

are approximately coplanar (Fig. 11) and often not distinguishable in the 

field. When only one cleavage is observed, it is termed Sja (see interpretations 

for justifications). Intersections of Sja and form a lineation (Lj^) which 

is parallel to the F^ fold axes and often appears as color bands on S^ 
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Figure 9- Photomicrograph of mylonized quartz diorite (sample OX-15). 

Cleavage (Sja) is defined by flattened quartz grains. Field of view is 

approximately 3 mm. 
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Figure 10. Field photo from the Oxbow, area. Note layered appearance of 

rocks which exhibit foliation. 





Figure 11. Stereogram (equal-area, lower hemisphere projection) showing the 

orientation of poles to Sja (squares) and sib (triangles). 

(Sja or Sj^) is represented by circles. 

Figure 12. Stereogram showing the orientation of L1 x a 

(triangles). 

Sj undifferentiated 

(squares) and Lib 
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Figure 13. Photo of an ultramylonite which has been deformed by F^ and 

Fib* ^la Refined by color bands) is folded into isoclinal, similar type folds. 

is coplanar with the axial planes to isoclinal folds and to observed rock 

cleavage. 
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Figure 14. Map showing the areas where Lja (labeled a) and (labeled b) 

are observed. In all localities where was obsereved S^a is also present. 

The location of samples OX-14, -15, -23, -30, and -37 is indicated. See 

accompanying map for definition of symbols. 
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surfaces (Fig. 15). L^a and are approximately parallel, oriented subhor- 

izontally with a northeasterly trend (Fig. 12). Much of the scatter is due 

to folding during later deformation. 

F^ and F^ 

At least two events which postdate F^ have been recognized in the 

Oxbow area. During both of these events S^-planes were folded into open, 

asymmetric mesoscopic and megascopic folds. Other deformational features 

such as kink folds and small scale faulting (F^?) are also observed (Figures 

16, 17, and 18). No penetrative features, such as axial plane cleavage, are 

associated with or F^* Folding associated with these two events is 

observed locally throughout the Oxbow area. 

The orientation of F^ fold axes and axial planes is shown in Figure 

19. The fold axes (L^) plunge at variable angles to the southwest. Axial 

planes {S^) have a shallow to moderate dip and northwesterly strike. The 

orientation of F^ fold axes and axial planes is shown in Figure 20. The fold 

axes (L^) have a moderate to steep plunge. The axial planes (S^) trend 

either north-south or east-west, dipping steeply. Thus, F^ folds form a 

conjugate fold set. 

st 
Megascopic folds have been divided into 1 order (wavelenght from 

0.5 to 1 km) and 2n<* order (wavelength from 10 to 100 m) folds. The 

st orientation of fold axes of 1 order folds (Fig. 21) and F^ mesoscopic folds 

st (Fig. 20) is similar. Therefore, the 1 order folds are probably related to 

Fg deformation. The 2n<* order folds have a more variable orientation. The 

more steeply plunging 2n(* order folds may be related to F^ while the moderate 

to shallow plunging folds are probably the result of deformation. 
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Figure 15. Photo showing which appears as color bands on 

surface. Scale is horizontal. 

Photo of an asymmetric F 2 

steeply dipping 

Figure 16. 

length. 

fold. Pecil sharpener is 3 cm in 
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Figure 17* Photo of kink folds. 

Figure 18. Photo of small scale faulting associated with F^ (?). 
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Figure 19a* Stereogram showing orientation of mesoscopic fold axes* Solid 

circles represent s-folds, open circles represent z-folds* 

Figure 19b* Stereogram showing orientation of poles to axial planes of F^ 

mesoscopic z-folds (open circles) and s-folds (solid circles). 
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Figure 20a. Stereogram showing orientation of mesoscopic Fg fold axes. Solid 

circles represent s-folds, open circles represent z-folds. 

Figure 20b. Stereogram showing orientation of poles to axial planes of F g 

mesoscopic z-folds (open circles) and s-folds (solid circles). 
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st Figure 21. Stereogram showing orientation of fold axes of 1 order (open 

triangles represent z-folds, solid triangles s-folds) and 2n<^ order folds (open 

circles represent z-folds, solid circles s-folds; semicircles represent folds of 

undetermined asymmetry). 
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Petrofabric Analysis 

Lattice preferred orientation of quartz 

Workers Have shown that useful information concerning the strain 

history of quartz bearing rocks can be obtained by studying lattice preferred 

orientation of quartz (Sylvester and Christie, 1968; Green and others, 1970; 

Hara and others, 1973; Tullis and others, 1973; Tullis, 1977). Lattice preferred 

orientations of deformed quartz aggregates can form by translation glide or 

by syntectonic or annealing recrystallization. Experimental and theoretical 

studies show how quartz preferred orientations form by translation glide. 

Lister's (1974) theoretical model relates preferred orientations of quartz to 

strain, strain path, and active slip systems. Experimental work indicates 

that the strain and active slip systems are important factors in lattice 

preferred orientation of quartz. Theoretically predicted and experimentally 

observed quartz preferred orientations, for given slip systems and state of 

strain, are generally in agreement (Tullis, 1977). 

The preferred orientation patterns produced by translation glide depend 

on the slip systems active during deformation. Experimental data indicate 

that the various active slip systems depend stongly on temperature, strain, 

and strain rate (Heard and Carter, 1968; Carter and Ave Lallemant, 1970; 

Tullis and others, 1973). 

The importance ©f temperture and strain rate on the observed lattice 

preferred orientation of quartz has been demonstrated in axial experiments 

(X=Y>Z; where X, Y, and Z are the maximum, intermediate, and minimum 

principal strain axes, respectively). Tullis and others (1973) note that in 

experimentally deformed quartzites at tempertures below 850°C and strain 

-5 
rates of 10 /sec deformation is heterogenous, deformation lamellae (which 
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are assumed to be parallel to active slip planes) have many different 

orientations, no recrystallization occurs, and a maximum of c-axes developes 

parallel to the minimum principal strain axis. At higher tempertures and 

slower strain rates deformation is more homogeneous, only sub-basal and 

prismatic deformation lamellae are observed, recrystallization at grain 

boundaries occurs, and a small-circle girdle of c-axes forms about the minimum 

principal strain direction. The opening half angle of this small-circle girdle 

increases with either an increase in temperture or decrease in the strain 

rate, ranging from 20° to 45°. 

Data from experimentally and naturally deformed quartz aggregates 

indicates that strain plays an important role in the production of lattice 

preferred orientation patterns of quartz (see Table 1 and Fig. 22). From 

experimented work Tullis (1977) notes that preferred orientations developed 

in pure shear and axial compression are similar; at low tempertures and/or 

faster strain rates c-axes are aligned parallel to the compressive direction 

(Z), and at higher tempertures and slower strain rates the c-axes form a 

small-circle girdle about the shortening direction (Z). In plane strain the 

c-axes form a small-circle girdle about the shortening direction but in addition 

exhibit a connecting girdle through the intermediate principal strain axis (Y). 

Rocks deformed naturally by plane strain have preferred orientation patterns 

which agree with the experimental results (Tullis, 1977). Naturally deformed 

rocks which have undergone a general state of strain have fabrics similar to 

the fabrics developed in plane strain experiments. The preferred orientations 

of naturally deformed quartz in simple shear (Hara and others, 1973) is also 

similar to the pattern produced during plane strain experiments; the resulting 

fabric has an orthorhombic symmetry with the principal planes of finite strain 



Table 1. Outline of various types of homogeneous strain. 



TYPES OF HOMOGENEOUS STRAIN 

1) Orthorhombic strain 

a) General strain (X>Y>Z) 

b) Plane strain (X>Y=1>Z) 

2) Axial symmetric strain 

a) extension (X>Y=Z) 

b) shortening (X=Y>Z) 

3) Pure shear: irrotational orthorhomic strain 

4) Simple shear: rotational plane strain 



31 

Figure 22. Figure showing the various types of preferred orientation 

observed for quartz for different types of strain and strain rates, 

portions represent areas of relatively high concentrations of c-axes. 

Y, and Z directions are indicated in the upper left stereogram. 

patterns 

Shaded 

The X, 
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GENERAL 
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farming the planes of symmetry. It is worthwhile to note that in every 

instance naturally and experimentally deformed quartz aggregates have a pole 

free area oriented parallel to the direction of maximum extention (X). 

Experimental work (Green and others, 1970) indicates that fabrics 

produced by syntectonic recrystallization of fine-grained quartz aggregates 

during axial compression are similar to those formed by translation glide 

under similar conditions. Green and others (1970) note orthorhombic strain 

in the syntectonically recrystallized specimens results in a cross-girdle fabric, 

which resembles the fabric described earlier for plane strain. C-axes of 

syntectonically recrystallized quartz grains in naturally deformed rocks have 

a similar cross-girdle fabric (Shelly, 1971). 

It is difficult to determine whether the fabrics produced by syntectonic 

recrystallization are related to stress or strain. But it has been shown (Ross, 

1979; Ross and others, unpublished work) that the equilibrium grain size for 

syntectonically recrystallized quartz grains is reached after only a relatively 

small amount of strain (approximately 4% in many cases); Thus, fabrics of 

syntectonically re crystallized grains are a result of only the last increment 

of strain, not the finite strain. For relatively small increments of strain, 

the principal stress and strain axes are approximately co-axial. Therefore, 

it seems reasonable to relate the fabric symmetry of syntectonically 

re crystallized quartz to the axes of principal stress. 

Location of samples 

Figure 14 gives the location of the 5 samples which were studied in 

detail. The best exposures in the area are at the lower elevations, near the 

Snake River. Especially good samples were obtained from the recent excava¬ 

tions near Oxbow Dam (samples OX-15 and OX-37). Of the many samples 



33 

collected, few are suitable for petrofabric analysis, due mainly to polyphase 

deformation, paucity of quartz grains, or heterogeneities in the sample. 

Quartz preferred orientation in the Oxbow area 

One sample (OX-15) studied was a mylonized quartz diorite. This 

sample has only one cleavage, S. , defined by flattened quartz grains. There 
l a 

is a bimodal distribution of quartz grains; large grains (1 mm) are internally 

deformed and small syntectonically recrystallized grains (0.05 mm) are rela¬ 

tively strain free (Fig. 23). The highly flattened large quartz grains indicate 

that this sample has undergone a relatively large amount of strain. The 

original quartz diorite, exposed adjacent to the mylonite is not deformed. 

Thus, it is warranted to make an analysis of the strain. From analysis of 

the shape of deformed quartz grains in this sample (see Appendix) it is found 

that the intermediate (Y) and maximum (X) principal strain axes are approx¬ 

imately equal and about 5 times larger than the minimum principal strain 

axis (Z). Therefore, the strain for this sample is approximated by an oblate 

spheriod with Z oriented normal to S^. 

The c-axis preferred orientation of the old, deformed grains (Fig. 24) 

in this sample is similar to that of the new, syntectonically recrystallized 

grains (Fig. 25). A composite diagram of new and old grains (Fig. 26) shows 

a cross-girdle pattern which exhibits orthorhombic symmetry; the plane of 

foliation, S. , is a plane of symmetry. A pole free area has a subhorizontal 
x a 

orientation, lying within the plane of foliation. 

Another mylonized quartz diorite (OX-37), similar in description to the 

previous sample, again has only one cleavage (Sja). The composite diagram 

for new and old quartz c-axes (Fig. 27) is similar to that of the previous 

sample. The strain in this sample is also similar. 
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Figure 23a. Photomicrograph of sample OX-15. Thin section is normal to 

Sja and parallel to X, the maximum principal strain direction. Field of view 

is approximately 3 mm. (See Figure 9 which is oriented normal to S1 and 
x 3. 

X.) 

Figure 23b, Photomicrograph of sample OX-15, Thin section is parallel to 

Sja* Note lack of dimensional preferred orientation in foliation plane. Field 

of view is approximately 7.5 mm. 
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Figure 24. Stereogram (equal-area, lower hemisphere projection) showing 

orientation of c-axes of original, deformed quartz grains for sample OX-15. 

S - south, W = west, Sj = plane of foliation; n = 162. 

Figure 25. Stereogram (sample OX-15) showing the orientation of c-axes of 

new, syntectonically recrystallized quartz grains, n = 130. 
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Figure 26. Composite stereogram for OX-15. X, Y, and Z are the maximum, 

intermediate, and minimum principal strain axes, respectively. X = 1.8, Y = 

1.6, and Z = 0.35. Contoured at 0.7, 1.7, 2.3, and 3.3% per 1% area; n = 

300. Shaded portion represents area of less than 0.7%. 
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Figure 27. Composite (new and old quartz grains) stereogram. for sample 

OX-37. X = 1.8, Y = 1.4, and Z = 0.4. Contoured at 0.5, 1.5, 2.5, and 3.5% 

per 1% area; n = 200. N = north, E = east. 

Figure 28. Stereogram showing the orientation of c-axes of new quartz grains 

for sample OX-14. Contoured at 1, 2, 3, and 6% per 1% area; n = 200. 
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The preferred orientation of c-axes of quartz for new recrystallized 

grains for sample OX-14 (Fig. 28) again exhibits quite a different fabric, but 

it also has an orthorhombic symmetry with S- as a plane of symmetry. 
x a 

This mylonized quartz diorite has quartz grains ranging in size from less 

than 0.05 mm to 1.5 mm. Original quartz grains have been destroyed by 

deformation, extensive polygonization, and recrystallization. Due to severe 

cataclasis it is not possible to determine the finite strain in this sample. 

A distinctly different quartz c-axis pattern occurs in a quartz-rich 

phyllitic schist (sample OX-30). The quartz in this sample has a bimodal 

grain distribution consisting of large (2 mm) deformed grains and small (0.03 

mm) syntectonically recrystallized grains. This sample exhibits two cleavages: 

Sja and Sj^. cross-cuts (Fig. 29). Unlike the previous samples, the 

fabric produced by c-axes of old grains is random (Fig. 31); the new grains 

may have a weak preferred oreintation (Fig. 30) somewhat similar to sample 

OX-14. 

The last sample (OX-23) which was studied in detail is a micaceous 

schist which has many large quartz and feldspar augen. There is a bimodal 

distribution of quartz grains consisting of large (1.5 mm) deformed grains 

and small (less than 0.05) syntectonically recrystallized grains. This sample 

has only one cleavage but it is not clear whether this is or S^. This 

sample occurs in close proximity to OX-30 and is relatively similar in 

description. Both samples are characterized by large deformed augen of 

quartz set in a fine grained quartz rich micaceous matrix. It may be that 

the cleavage in this sample represents Swith having been completely 

destroyed. The preferred orientation of quartz c-axes along with the strain 

is shown in Figure 32. The extension direction in this sample is nearly 
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Figure 29. Photomicrograph of sample OX-30 showing S- (upper left) crosscut 
X SI 

by (lower right). Field of view is approximately 7.5 mm. 
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Figure 30* Stereogram showing the orientation of c-axes (sample OX-30) of 

new, syntectonically recrystallized quartz grains* X = Y = 1.4, Z = 0.5; n * 

98- 

Figure 31. Stereogram showing the orientation of c-axe$ (sample OX-30) of 

old, deformed quartz grains, n = 116. 
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Figure 32. Composite stereogram for sample OX-23 showing orientation of 

poles to old and new quartz grains. X = 1.6, Y = 1.4, and Z = 0.45; n = 200. 
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vertical. 

Interpretation of Structures 

An examination of the effects of deformation on samples which were 

deformed by only the first tectonic event reveals that F. is a flattening x a 

event which probably involved irrotational strain . Samples OX-15, OX-37, 

and OX-14 were not deformed during F^* All of these samples have a pole 

free area oriented subhoriz ont ally, lying within the plane of foliation, S. . 
x a 

The pole free area is oriented parallel to the direction of maximum extension 

(Figures 26 and 27), as should be expected. Field observations also support 

extension in a subhorizontal direction. A weakly developed subhorizontal 

stretching lineation (L- ) is observed locally. Boudins with long axes (Hobbs 

and others, 1976) oriented vertically axe also present. The finite strain ellipsoid 

for F. deformation has X oriented subhoriz ont ally and Z oriented normal 
x a 

to Sja; X and Y are about 5 times larger than Z. The similar preferred 

orientation of old deformed and new syntectonically recrystallized quartz 

grains may indicate irrotational strain. 

The second tectonic episode, F^ is thought to be the result of 

heterogeneous simple shear. The S. cleavage is folded into similar type 
x a 

folds, which may form by simple shear or progressive flattening (Ramsay, 

1967). Petrofabric data (Figures 31 and 32) support the hypothesis that S^ 

cleavage formed by heterogeneous simple shear. The random quartz c-axes 

patterns observed in samples OX-30 and OX-23 may have formed from the 

well-defined F- fabrics by rigid body rotation indicating that deformation 
x a 
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assocaited with F,, is rotational. 
i D 

Because the kinematic axes are not necessarily related to the fold 

axes of shear folds, a precise kinematic model for cannnot be given. It 

should be noted that the megascopic folds in the adjacent area (Fig. 8) and 

the F- structures are most likely the result of crustal shortening in a 

northwest-southeast direction. If compressive forces were acting in a similar 

direction during F^ deformation, then this deformation probably is the result 

of slip on in the dip direction. The strain in sample OX-23 (Fig. 32) 

supports this interpretation, if indeed the strain in this sample is related to 

Fj^. If this kinematic interpretation is correct, it may be assumed that the 

strain involved in Fj^ is not extreme, since linear structures have not rotated 

into the slip direction (Escher and Watterson, 1974). 

Earlier it was noted that where only one cleavage is observed, it is 

assumed to be This assumption appears to be valid for the following 

reasons. First, rocks with only one cleavage have an orthorhombic quartz 

lattice preferred orientation pattern (OX-23 is an exception, see above) while 

those with two cleavages (S^ dominate) exhibit a random fabric of quartz 

c-axes (Figures 31 and 32). Furthermore, the strain in samples with only 

one cleavage is similar (Figures 26 and 27). And finally, the elongate mineral 

grains which define L. are common to those exposures with only one 
X a 

cleavage. 

Various lines of evidence indicate that the first two deformation events, 

Fja and F^J niay have formed consecutively during one deformational episode. 

Both events are associated with metamorphism as evidenced by ductile 

deformational features (such as penetrative cleavage, extremely flattened 

mineral grains, and isoclinal, similar type folds). The latter event, F^, 
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occurs in conjunction with the metamorphism of the Oxbow complex, dated 

at 220 m.y. (Phelps, 1978). The F^a deformation proceeded Fjy occurring 

no earlier than the Permian{?), the age of the Windy Ridge Formation which 

the Oxbow complex intrudes. The northeast trends of the deformational 

features of both events can be explained by crustal shortening in a northwest- 

southeast direction, possibly in association with just one episode of dynamic 

metamorphism. 

F2 

The orientation of axial planes and fold axes of F^, folds (Fig. 19) can 

be explained by northeast-southwest crustal shortening. Generally speaking, 

the fold axes plunge moderately to the southwest and axial planes dip 

moderately to the southwest. Much of the scatter in Figure 19 is due to 

F^ deformation. Assuming the shortening direction acted normal to the axial 

planes of F^ folds, the shortening direction for deformation trends northeast 

with a moderate plunge. 

F3 

F^ is interpreted as the last deformational event in the area. Support 

for this interpretation includes the fact that subhorizontal (F£) folds appear 

to be refolded by subvertical (F^) folds, although this has not been determined 

conclusively. Futhermore, a comparison of the orientation of mesoscopic 

folds for and F^ deformation (Figures 19 and 20) indicates that the 

conjugate fold axes and axial planes for F^ show less scatter than those 

associated with F^, indicating the F^ postdates F^* 

st 
Based upon the orientation of the conjugate fold set and 1 order 

megascopic fold axes the shortening direction for F^ appears to be the result 

of northeast-southwest crustal shortening. The shortening direction plunges 
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gently to the southeast. 

The timing of and is unclear. These events postdate F^ and 

most likely occurred in the Late Triassic or Jurassic. For futher discussion 

see structural relations. 

Structural Relations 

Deformation of Seven Devils Group 

A number of facts should be noted before attempting to relate the 

deformational features of the Seven Devils Group to those observed in the 

Oxbow area. First, northeasterly trends defined by bedding and locally 

developed penetrative cleavage are observed in the Lower Permian Hunsaker 

Creek and underlying Windy Ridge (Permian?) Formations. Second, it is not 

known whether the contact between the Hunsaker Creek Formation and the 

overlying Upper Middle Triassic (Ladinian) Wild Sheep Creek Formation is an 

angular unconformity or a disconformity. Third, the Upper Jurassic Coon 

Hollow Formation (Callovian to Oxfordian; Vallier, 1977) forms an angular 

unconformity with the underlying Wild Sheep Creek and Dolye Creek Forma¬ 

tions. Fourth, metamorphism which affected the Coon Hollow Formation did 

not affect plutons which are as old as about 140 m.y. in adjacent areas 

(Vallier, 1974). And last, the date on the F^ event of 220 m.y. may correspond 

to Middle Upper Triassic (Armstrong and Besancon, 1970) or Lower Middle 

Triassic (Van Eysinga, 1978). 

The Mesozoic rocks in the area record two periods of major 

diastrophism. Both periods resulted in the formation of northeasterly trends. 

The first occurred in the Late Triassic and/or Jurassic prior to the deposition 

of the Late Jurassic Coon Hollow Formation. The later event strongly folded 
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and weakly metamorphosed the Coon Hollow Formation in the Late Jurassic 

(Vallier, 1974). 

Other shear zones 

The Oxbow-Cuprum shear zone may be related to the two other zones 

of intense deformation described by Vallier (1974). The Cougar Creek shear 

zone is remarkably similar to the Oxbow-Cuprum shear zone. Common 

features of both are northeast trending subhorizontal lineations defined by 

elongate quartz grains, northeast trending steeply dipping foliations, and 

similar rock types including mylonite, quartz diorite, diabase, and hornblende 

schist. The unnamed shear zone near the Imnaha River has similar rock 

types but differs in structural trends. Here subhorizontal lineations and 

steeply dipping foliations trend northwesterly. 

Fi 

The Windy Ridge Formation was deformed during Fj as evidence by 

a locally developed northeast trending fracture cleavage and mylonization of 

portions of the formation. The overlying Hunsaker Creek Formation has 

northeast trends defined by bedding, cleavage, and reverse faults (Fig. 8). 

It is likely that at least a part of the deformation observed in the Hunsaker 

Creek Formation occurred as a result of F^ crustal shortening. Whether or 

not the northeasterly trends of mesoscopic fold axes in the overlying Wild 

Sheep Creek, Dolye Creek, and Martin Bridge Formations (Fig. 8) are related 

to F^ depends largely on the time period assigned to Fy If the F^ date of 

220 m.y. corresponds Middle Upper Triassic then the deformation of these 

formations is most likely related, at least in part, to Fj crustal shortening. 

But if Fj is Lower Middle Triassic no relationship likely exists. 
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and 

Regional metamarphism of the Seven Devils Group probably culminated 

in the Late Jurassic(?), since plutons of younger age are unmetamorphosed 

(Vallier, 1974). This implies that the F^ and F^ deformation in the Oxbow 

area occurred in Triassic and/or Jurassic. If these events are the result of 

northeast-southwest crusted shortening, they may be related to the northwest 

trends observed in the unnamed shear zone near the mouth of the Imnaha 

River. 

Regional Implications 

Geologic constraints 

The question remains as to how the deformation observed in the Oxbow 

area relates to the geologic history of northeastern Oregon as a whole. 

Before attempting any such correlation, it would be helpful to note some 

pertinent facts relating to the geology of the pre-Teriary rocks of northeastern 

Oregon. 

Blueschists (Holtz and others, 1977) have been found near Mitchell, 

Oregon. These blueschists, which lie within the western portion of the Central 

Melange terrane, have been dated at 223-3.2 m.y. (K-Ar on white mica). 

These rocks are presumably related to Late Triassic subduction. 

Igneous activity during the Permian and Upper Triassic occurred in 

the Seven Devils terrane and in portions of the Central Melange terrane. 

Relatively large amounts of silicic rocks (Gerlach, 1980) indicate that the 

Canyon Mountain complex, which is an ophiolite lying within the Central 

Melange terrane, formed in an island arc setting, possibly in a back-arc basin 

(evidenced by depleted light rare earth elements). Sedimentological data 

such as shallow-water limestone and coarse clastic sedimentary rocks may 
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indicate a shallow-water and near-island enviroment for sediments of the 

Central Melange terrane (Vallier and others, 1977). The Triassic Sparta 

complex (223-3.3 m.y., Ave Lallemant and others, in press) and the Oxbow 

complex (Middle Triassic(?)) have compositions which are similar to rocks 

which form in island arcs (Phelps, 1978). 

The Oxbow complex, and other inliers which underlie the Seven Devils 

terrane, may represent the substructure on which the Seven Devils Group 

was formed (Brooks, 1979). Brooks and Vallier (1978) note that the Oxbow 

complex may be part of the Central Melange terrane, but this appears unlikely 

for two reasons. First, zones of similar description lie in the interior of 

the Seven Devils terrane (Vallier, 1974). And second, volcanic rocks of the 

Seven Devils Group lie to the southeast of the zone of deformation and 

igneous activity in the Cuprum quadrangle (Fig. 8), which is considered by 

Taubeneck (1966) to be a portion of the Oxbow-Cuprum shear zone. 

Recently Hillhouse has obtained paleomagnetic data (D. Jones, oral 

communication) which indicates that the Seven Devils and Huntington arc 

terranes were at low lattitudes during the Late Triassic. This may indicate 

that the two terranes were formed in nearby adjacent areas. But paleontolog¬ 

ical and lithological data appear to indicate otherwise. Exotic Upper Triassic 

bivalves found in the Seven Devils terrane have not been observed in the 

Huntington arc terrane. During the Late Triassic up to 2,500 meters of 

platform carbonates were deposited in the Seven Devils terrane. The available 

paleontological data indicate that andesitic volcanic rocks were erupted during 

most of the Late Triassic in the Huntington arc terrane (Dickinson, 1979). 

Furthermore, Permian volcanics are found in the Seven Devils terrane but 

have not been observed in the Huntington arc terrane. 

The paleomagnetic data for these two terranes may also indicate that 
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both terranes are allochthonous since adjacent portions of the North American 

continent were not at low lattitudes during the Late Triassic. But this 

argument may not be valid* The exact position of the paleo-equator during 

Late Triassic time has not been established (Irving, 1977). From the available 

data it appears as if the autocthonous rocks adjacent to these arc terranes 

were at moderately low lattitudes (25°-30°) during the Late Triassic (Irving, 

1977). Unless it can be shown that the arc terranes formed within 20° of 

the paleo-equator, the paleomagnetic data alone cannot conclusively prove 

that these arc terranes are allochthonous. 

Tectonic setting 

With these constraints in mind it is possible to construct a permissible 

but hypothetical plate-tectonic model which accounts for the origin of the 

pre-Tertiary rocks of northeastern Oregon (Fig. 33). During the Permian, 

volcanism in the Seven Devils terrane took place as evidenced by the 

keratophyres and spillites of the Windy Ridge and Hunsaker Creek Formations. 

At this same time igneous (the Canyon Mountain ophiolite) and sedimentary 

(mudstones, chert, and limestone) rocks which now form portions of the 

Central Melange terrane were formed. 

A period of nondeposition and/or erosion followed during the Lower 

and Middle Triassic. Upper Triassic arc related igneous activity appears to 

have occurred in two separte regions: in the Seven Devils terrane and in the 

Huntington Arc terrane, which may have formed adjacent to the North 

American continent (Dickinson and Thayer, 1978). Exotic fossil fauna indicate 

that the Seven Devils terrane was still at some distance form the North 

American continent during the Upper Triassic. Dickinson (1979) believes that 

a forearc basin formed on the northwest side of the Huntington arc at this 
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Figure 33. Hypothetical model illustrating the tectonic setting of the various 

petrotectonic terranes of northeastern Oregon from the Permian to the Late 

Jurassic. 
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time* Evidence in support of this interpretation includes the deformation in 

the area (local backthrusting, vertical uplift, and isoclinal folding) and the 

the fact that no other arc can reasonably be associated with the volcanic 

activity and tectonism recorded in the area. It has also been noted (Brooks, 

1979) that Mesozoic clastic rocks in the John Day inlier have volcanic 

fragments which are similar to rocks which make up the Huntington Arc 

terrane, which supports extension of the arc terrane to the southwest. 

During the Middle to Upper Triassic the Sparta complex, which is of 

island arc affinity, was intruded into the Central Melange terrane. The 

Oxbow complex may be of similar age. Deformation and associated metamor¬ 

phism in the Oxbow area occurred at this time. This deformational event 

most likely involved crustal shortening within the Seven Devils terrane and 

portions of the Central Melange terrane. Upper Triassic deformation is 

recorded in the Huntingdon Arc terrane and the associated forearc Basin 

(Dickinson, 1979). 

Prior to the Late Jurassic (Oxfordian) the Seven Devils terrane and 

exotic portions of the Central Melange terrane were accreted to the margin 

to the North American continent. Deformation related to this event is 

recorded in rocks throughout northeastern Oregon. Crustal shortening 

associated with this accretionary event resulted in the severe deformation 

of the Coon Hollow Formation. Older rocks in the Seven Devils terrane 

were probably folded and faulted at this time although it is difficult to 

distinguish structures associated with this event .from those associated with 

the event of the Late Triassic since the structures of both events have 

similar northeasterly trends. 
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Implications 

From the following discussion it is apparent that the deformation 

in the Oxbow area is not related to the accretion of the Seven Devils terrane 

to the North American continent* and F^ deformation in the Oxbow- 

Cuprum area may be related to the Upper Jurassic accretionary event or to 

convergent flow (Ave Lallemant and others, in press) associated with the last 

phase of Fj deformation. 

Mylonites 

The mylonitic rocks of the Oxbow area were formed under ductile 

conditions evidenced by the grade of metamorphism (epidote-amphibolite 

facies) and the ductile deformational features. A large portion were form 

by irrotational deformation. If Lapworth’s (1885) original definition of 

mylonites is to be used, the "mylonites" of the Oxbow area (and numerous 

other localities) are improperly named. There is no general consensus 

concerning the meaning of the word mylonite. Lapworth’s (1885) original 

definition states that mylonites are "microscopic pressure-breccias with fluxion 

structure in which the interstitial dusty, siliceous, and kaolinitic paste has 

only crystallized in part" (from Higgins, 1971). Higgins (1971) bases his 

classification of cataclastic rocks on the presence or absence of fluxion 

structure, which he defines as a "cataclastic foliation developed by shear 

and flowage." The genetic implications (brittle, rotational deformation) of 

Lapworth’s definition and Higgins’ classification is unacceptable. Mylonitic 

textures (such as ribbon quartz, large grains in a very fine-grained matrix, 

and irregular grain boundaries) form under ductile conditions (Bell and 

Etheridge, 1973). Furthermore, mylonites can form as a result of irrotational 

strain (Ross, 1973; Shelly, 1971). Even along the Moine thrust, the "type 
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section” for mylonites, the brittle nature of deformation is questionable 

(Hatcher, 1978). Hatcher (1978) notes that mylonitic textures form and are 

preserved if the strain rate equals or exceeds the rate of recovery. With 

these new insights into the formation of mylonitic textures it is unwarranted 

to adhere to Lap worth’s original definition. New definitions, which do not 

have genetic implications, have been proposed (Theodore and Christie, 1969; 

Bell and Etheridge, 1973; Hatcher, 1978). Hatcher’s definition is adopted 

here. He defines a mylonite as "a strongly foliated metamorphic rock that 

exhibits characteristics of high ductile strain and incomplete recovery, such 

as megacrysts flattened and extended into the foliation and ribbon quartz 

(which may now be microscopically recovered). Diminution of grain size is 

characteristic of this process. Zones of mylonitic deformation may be discrete 

planar zones or may gradually merge with adjacent nonmylonitic rocks." 

Summary and Conclusions 

Most if not all of the deformation recorded in the rocks of the Oxbow 

area occurred in the Triassic, at some distance from the North American 

continent. A large portion of the Oxbow-Cuprum shear zone has experienced 

only irrotational deformation (Fja)> evidence for shearing (Fj^) is observed 

only locally. Deformational features indicate that Fj involved severe 

tectonism and that later events (F^ and F^) have only mildly deformed the 

rocks of the Oxbow area. Fj deformation is most likely the result of 

northwest-southeast crustal shortening; subsequent events (F£ and Fj) appear 

to be the result of northeast-southwest crustal shortening. The last phases 

of deformation (F^ and F^) are related to deformation which occurred prior 

to Cretaceous time. 
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The igneous rocks associated with the Oxbow-Cuprum shear zone (i.e. 

the Oxbow complex) probably represent a portion of the substructure on 

which the Seven Devils Group was deposited, although it is possible that the 

Oxbow-Cuprum shear zone marks the boundary between rocks of two different 

petrotectonic terranes: the Seven Devils terrane and the Central Melange 

terrane. The Seven Devils terrane and portions of the Central Melange 

terrane were accreted to the continental margin during the Late Jurassic. 
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Appendix 

The finite strain was determined by examining deformed quartz grains. 

The maximum, intermediate, and minimum principal axes of the strain ellipsiod 

are given by X, Y, and Z, respectively. The plane of foliation is assumed to 

be normal to the Z axis of the strain ellipsiod (Ramsay, 1967). It is also 

assumed that the old, deformed grains reasonably approximate the finite 

strain ellipsiod. For two of the samples (OX-15 and OX-23) the X direction 

was obtained by noting the strain in the XY plane. In sample OX-37 the 

the strain in the XY plane was such that the X direction was not well 

defined. For this sample the X direction was assumed to be horizontal. 

Strain at nearby areas as well as the strain measured on planes normal to 

the XY plane support this assumption. For all samples studied, 25 or more 

granis were measured on each of 3 planes; one plane oriented parallel to the 

foliation and the other two planes normal to the foliation. 

Given the orientation of the X direction and the strain on two planes 

containing the Z axis, the state of strain for a sample can be computed by 

noting that 

2/2 , 2* 2 . x /a + y /b = 1 . 

This is the equation of an ellipse. This equation may be considered to 

represent a principal section (XY plane) through the strain ellipsiod. Thus, a 

= x and b = y (Fig. 1A). From data on two planes which contain Z, two 

points can be plotted on the ellipse formed by the intersection of the XY 

plane and the strain ellipsiod. With this data, the above equation can be 

solved for X and Y, thus determining the state of strain of the sample. 
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Figure IA. Principal section of the strain ellipsiod (normal to Z). See text 

for discussion. 
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