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Abstract--Marbles from nine Cordilleran deformation zones (the Raft River and Snake Ranges, the Ruby, 
Rincon and Riverside Mountains, the eastern Peninsular Ranges mylonite zone, and three sites in the Death 
Valley region) were sampled for microstructural analysis of thin and ultra-thin sections and pole figure 
measurements by X-ray diffraction to interpret their deformation history. 

Microstructural observations reveal various degrees of recrystallization. Fabrics are predominantly sym- 
metric, but some samples display consistent asymmetries of the long grain axes (schistosity) and the macroscopic 
foliation plane defined by compositional layering. These asymmetric microstructures are most pronounced in 
non-recrystallized fabrics. 

Well-developed textures are found at all sites with c-axes perpendicular tothe foliation and a-axes in a girdle in 
the foliation plane. The sense of shear derived from slightly asymmetric { 1120} pole figures is consistent with the 
shear sense determined in the field and by S-C structures in adjacent gneisses. The magnitude of the obliquity of 
{1150} girdles suggests that the component of simple shear is relatively small even in samples with highly 
asymmetric microstructures. We conclude that the obliquity of the {1120} girdles is a reliable indicator of the 
strain path during the last substantial increment of strain and indicates that the carbonate rocks studied deformed 
dominantly in pure shear. This implied strain path for carbonate rocks may not necessarily reflect the regional 
strain path, because strain may be partitioned between rocks of different compositions, or between zones of 
predominantly pure and simple shear at all scales. 

INTRODUCTION 

THE Cordilleran metamorphic core complexes (Coney 
1973) are located within a broad N-S-trending belt of 
Cenozoic deformation at the western border of cratonal 
North America (e.g. Crittenden et al. 1980, Armstrong 
1982) (Fig. 1). The main common characteristics of 
these structures are a crystalline basement that is over- 
lain by a sequence of sedimentary or metasedimentary 
rocks, and a detachment fault that separates the two 
units from each other. The basement (lower plate) is 
generally Precambrian to Cambrian and commonly 
intruded by plutonic rocks of various ages. The amount 
of deformation in the basement increases upwards 
toward the d6collement zone which is characterized by a 
low-angle normal fault. The deformational character- 
istics give evidence of both ductile and brittle behavior 
of the rocks. The upper plate rocks generally consist of 
blocks of Paleozoic and/or Mesozoic miogeoclinal sedi- 
mentary rocks which have been tilted along listric nor- 
mal faults. 

The deformation history of the d6collement zone 
(whether it is mainly contractional or extensional), has 
been a matter of debate. Most authors today agree on an 
extensional deformation event during Tertiary time that 
generally decreases in age from Eocene in the northern 
Cordillera to Miocene in the south (Coney 1980). The 
direction of extension is predominantly outward from 
the tectonic axes of the Mesozoic fold and thrust belt 
(Wust 1986). Two main types of extensional defor- 
mation histories have been suggested. The first is a 

'pure shear' model involving symmetrical extension of 
the crust and implying relatively small displacements on 
the d6collement zone, which is thought to represent an 
uplifted brittle-ductile transition of the upper crust 
(Rehrig & Reynolds 1980, Miller et al. 1983, Gans & 
Miller 1984, Lee et al. 1987). The second is a 'simple- 
shear' model that interprets the d6collement zone as an 
extended shear horizon which has its roots in the lower 
crust and displays high amounts of actual displacement 
(Wernicke 1981, 1983, Wernicke & Burchfiel 1982, 
Davis 1983). The activity of the shear horizon from 
lower to upper crustal levels causes the coexistence of 
both brittle and ductile deformational features in the 
movement zone. Lister & Davis (1989) proposed a 
model in which the d6collement zone (as a large shear 
zone) nucleated in a ductile pure shear zone of the lower 
crust. 

In this study we try to elucidate the problem of the 
deformation path by microstructural and textural analy- 
sis of strongly deformed marbles from a number of well- 
studied Cordilleran deformation zones, most of them 
mylonitized basement of different core complexes. The 
carbonate rocks as mechanically weak parts of the mylo- 
nite sequences play an important role in characterizing 
the strain and kinematic history. Theoretical modelling 
of calcite deformation based on polycrystal plasticity 
and comparison with experimentally produced textures 
gives us a basis for interpreting patterns of preferred 
orientation. Wenk et al. (1987) used it to determine the 
relative amount of pure and simple shear (i.e. the degree 
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Fig. 1. Map of western North America with core complexes and sample sites (from Haxel etal. 1984). RR, Raft River; SP, 
LC; Ruby Mountains; SR, Snake Ranges; RN, Rincon Mountains; RS, Riverside Mountains; BS, PC, Eastern Peninsular 

Ranges; FN, FS, MC, Death Valley Region. 

of non-coaxial deformation)  from the obliquity of the 
(0001) maximum,  or the {1120} great circle girdle in 
pole figures relative to the macroscopic foliation plane. 
Microstructural indicators such as those described by 
White et al. (1980), Dietrich & Song (1983), Simpson & 
Schmid (1983) and Lister & Snoke (1984) are also useful 
in analyzing the deformation history. 

The samples were collected from nine different sites, 
five of these located in various core complexes (Snake 
Range,  Raft  River,  Ruby Mountains,  Rincon Moun- 
tains and Riverside Mountains).  We also sampled the 

eastern Peninsular Ranges mylonite zone (Borrego 
Springs and Palm Canyon) and two other sites in the 
Death Valley region (Funeral Mountains,  Panamint  
Range) which are not as thoroughly studied and added 
here as test cases. 

DESCRIPTIONS OF THE SAMPLE LOCALITIES 

A short description of the local geology for each 
sample site is given in the following section. The geo- 
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Table 1. Geographic co-ordinates of the sample sites 

Sample site Longitude Latitude 

Raft River (RR) 
Ruby Mountains, Secret Pass (SP) 
Ruby Mountains Lamoille Canyon (LC) 
Snake Ranges (SR) 
Rincon Mountains (RN) 
Riverside Mountains (RS) 
Eastern Peninsular Ranges, Borrego Springs (BS) 
Eastern Peninsular Ranges, Palm Canyon (PC) 
Death Valley Region, Funeral Mountains North (FN) 
Death Valley Region Funeral Mountains South (FS) 
Death Valley Region, Panamint Ranges (MC) 

113034 , 10"W 41°52'00"N 
115 ° 14'50"W 40°50'26"W 
115°27'13"W 40°41'40"N 
114°29'30"W 39°29'30"N 
110°27'44"~V 32 ° 11' 17"N 
114030 ' 12"W 34002 ' 13"N 
116°23' 10"W 33°18'20"N 
116°29'41"W 38°22,10"N 
116°53 ' 10"W 36°39'20"N 
116°45'00"W 36°17,30"N 
117°09'30%V 36°34'32"N 
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graphic co-ordinates of each sample locality are given in 
Table 1 (see also Fig. 1). 

Raft River Range (RR) 

The Raft River Ranges consist of a broad autochthon 
overlain by two major allochthonous sheets separated by 
low-angle d6collements (Compton 1975, 1980). Defor- 
mation in the autochthon increases upward; the core is 
characterized by relatively undeformed Precambrian 
granitic rocks which become more gneissic toward the 
d6collement. Farther upward the rock grades into a mica 
schist which is capped by the strongly deformed Elba 
quartzite. Deformation was progressive and episodic, 
beginning in Mesozoic (Jurassic?) time and continuing 
throughout uplift and cooling at about 20 Ma (Compton 
et al. 1977). The high symmetry of quartz c-axis pole 
figures and field data is interpreted by Compton (1980) 
as reflecting regional pure shear deformation with local 
moderate components of simple shear. 

We collected samples within a relatively narrow (5-6 
m thick) carbonate unit in the autochthon just below the 
fault separating it from the allochthonous sheet. The 
consistency in the orientation of the macroscopic folia- 
tion and lineation within the marble, gneissic rocks 
below the carbonates, and within quartzite above the 
fault suggest that the fabric of the marble has not been 
modified by brittle deformation associated with faulting. 
Shear indicators in the quartz-bearing rocks were ob- 
served to indicate a top-to-the-west sense of displace- 
ment, parallel to the SSW-trending stretching lineation. 
This shear sense is consistent with early displacements 
on the low-angle faults as suggested by field evidence 
(Compton 1980). 

Ruby Mountains (LC, SP) 

The Ruby Mountains expose a diverse sequence of 
Paleozoic miogeoclinal strata that have been metamor- 
phosed to upper amphibolite facies grade, migmatized 
and recumbently folded (Howard 1980). The dominant 
structure is the W-dipping Lamoille Canyon nappe 
which folds the Prospect Mountain quartzite and the 
marble of Verdi Peak, as well as the pre-metamorphic 
Ogilvie thrust fault that originally duplicated these units. 

The core of the nappe is characterized by high-grade 
metasedimentary rocks that are intermixed with leuco- 
cratic garnet two-mica pegmatitic granite and other 
granitic rocks. The migmatic core grades upward into a 
transition zone characterized by a diverse group of 
mylonitic rocks that contain a regionally consistent 
NNW-trending stretching lineation. Where exposed on 
the western flank of the range, these rocks have been 
greatly attenuated and thinned to as much as only 5% of 
their original thickness. Deformation of the migmatitic 
core, the transition zone, and recumbent folding were 
previously thought to be coeval (Jurassic?) (Howard 
1966, 1968, 1980, Snoke 1980); however, recent studies 
suggest that mylonitization may be younger (Oligocene- 
Miocene, Snoke & Howard 1984). Lister & Snoke 
(1984) proposed that the mylonite zone records a major 
ductile shear zone formed by regional extension. 

We sampled two localities. The first site (LC) is 
located near the mouth of Lamoille Canyon within the 
mylonite rocks discussed above (south of field stop 1, 
Snoke & Howard 1984). Samples were collected from 
fine-grained marble that is strongly foliated and contains 
a well-developed stretching lineation that trends nearly 
E-W. Structural analysis of disharmonic folds near this 
site and S-C relationships in mylonitic Prospect Moun- 
tain quartzite across Lamoille Canyon indicate a top-to- 
the-WNW sense of shear (Snoke & Howard 1984). This 
shear sense is corroborated by asymmetric fabrics in 
mylonitic gneiss adjacent to the marble outcrops. 

The second sampling site (SP) is located in the north- 
ern tip of the range at Secret Pass (field stop 12, Snoke & 
Howard 1984). Samples were collected from the Horse 
Creek assemblage which is separated from an underly- 
ing schistose-quartzite gneiss unit by a low-angle normal 
fault. Shear criteria in quartz-bearing rocks below the 
fault indicate a top-to-the-WNW sense of shear parallel 
to the regional stretching lineation. It is presumed, 
based on field evidence, that the rocks above the fault 
were deformed with, and have the same shear sense as 
the rocks below. In contrast to the excellent samples 
found in Lamoille Canyon, marble in the Horse Creek 
assemblage is less deformed. The macroscopic foliation 
associated with mylonitic carbonate rocks is only moder- 
ately developed at best, and stretching lineations are 
uncommon. 
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Snake Range (SR) 

A classic example of geologic relations that character- 
izes Cordilleran metamorphic core complexes is found 
in the Snake Range, Nevada. Supracrustal rocks ex- 
tended by normal faults are separated from ductilely 
deformed igneous and metamorphic rocks by a subhori- 
zontal brittle discontinuity called the Snake Range 
d6collement (Miller et al. 1983). The upper plate is 
composed of Middle Cambrian to Permian sedimentary 
rocks and 35 Ma old volcanic rocks that are juxtaposed 
along normal faults. The rocks have rotated 'domino- 
style' so that fault blocks are separated by low-angle 
faults. In contrast, rocks beneath the d6collement are 
flat-lying, not cut by faults, and thinned 30-90%. These 
lower plate rocks possess a penetrative, subhorizontal 
foliation and a regionally consistent WNW stretching 
lineation. Geologic data, including shear indicators and 
the analysis of symmetric to asymmetric quartz c-axis 
pole figures, suggest that the Snake Ranges d6collement 
represents the ductile-brittle transition, and that rocks 
below this discontinuity have been deformed in pure 
shear which was followed by simple shear with a top-to- 
the-east sense of displacement (Miller et al. 1983, Gans 
& Miller 1984, Lee et al. 1987). 

Samples were collected from the marble mylonite 
ledge below the Snake Ranges dEcollement at two 
localities. The first site is in Rock Canyon near the type 
locality of the Snake Range d6collement (field stop 14, 
Gans & Miller 1984, field stop 2, Milleretal. 1987). The 
second site is on the ridge south of Hendry's Creek west 
of the small klippe (west of field stop 15, Gans & Miller 
1984, field stop 3, Miller et al. 1987). Sampling at these 
sites was complicated by presence of brittle fractures 
presumably associated with the d6collement overlying 
these rocks, and an earlier foliation, which is generally 
not transposed entirely into the regional foliation. 
Samples collected for this study possess a well- 
developed penetrative foliation and stretching lineation 
that is identical in trend to the regional lineation found in 
the underlying Prospect Mountain quartzite. 

Rincon Mountains (RN) 

The Rincon Mountains east of Tucson, Arizona, have 
a basement of granitic Catalina Gneiss which is topped 
by the Catalina fault. The fault is frequently marked by a 
zone of chloritic breccia and interpreted as a low-angle 
normal fault (Davis 1975). The upper plate units consist 
of folded sedimentary and metasedimentary rocks of 
Paleozoic and Mesozoic age, which were strongly folded 
and transposed due to gravity sliding during a mid- 
Tertiary extensional deformation (Frost 1977). Shear 
indicators reveal a movement of the upper plate to the 
southwest (Lingrey 1982). 

The sample for this study was taken from the Bear 
Creek area in the northeastern part of the Rincon 
Mountains. Paleozoic metasediments consisting mainly 
of calcitic rocks dip moderately to the southeast and rest 

concordantly on the gneissic basement. A zone of chlori- 
tic breccia is not present. 

Riverside Mountains (RS) 

The Riverside Mountains in the southeastern part of 
California display two structural units separated by a low 
angle normal fault (Lyle 1982). The lower unit is charac- 
terized by strongly deformed Paleozoic and Mesozoic 
metasediments interleaved with Precambrian crystalline 
rocks. Dominant structures are NE-SW-striking thrust 
faults which are interpreted as the result of Mesozoic 
contractional deformation (Lyle 1982). The upper unit 
consists of rotated blocks of Tertiary volcanic and clastic 
rocks that rest discordantly on Precambrian basement 
and are disrupted by normal faults. 

The samples for this study were taken from strongly 
deformed Permian Kaibab limestone in the north- 
eastern area of the Riverside Mountains (near Moun- 
taineer Mine). The limestone is a member of the 
Paleozoic series in the lower plate and close to the 
detachment fault in the sampled area. The rocks dip 
moderately to the northeast and the relative movement 
of the upper plate during extension was northeastward. 

Eastern Peninsular Ranges mylonite zone (BS, PC) 

The eastern Peninsular Ranges mylonite zone consists 
of strongly deformed plutonic rocks and metasedimen- 
tary tectonites on the eastern flank of the northern 
Peninsular Ranges batholith, southern California. 
Based on shear criteria, which indicate an east-over- 
west sense of shear, Simpson (1984) provided evidence 
for Sharp's (1979) proposal that the mylonite zone 
represents an exposure of a deeply seated thrust belt. 
This has been questioned by Erskine & Wenk (1985) 
who thought that the simple shear component may have 
been overemphasized. Not only marble textures but also 
quartz textures in mylonite of the granodiorite protolith 
are surprisingly symmetrical (Wenk & Pannetier 1990). 
While there is no doubt that S-C structures consistently 
suggest an east-over-west sense of shear (e.g. Simpson & 
Schmid 1983, O'Brien etal. 1987), deformed xenoliths in 
Palm Canyon lack asymmetry with respect to the macro- 
scopic foliation. Deformation in all the structural units 
and along the post-mylonitic faults appears to be related 
to the late Cretaceous-early Cenozoic convergence and 
to the emplacement of the Peninsular Ranges batholith 
(Erskine 1986, Todd et al. 1988, Goodwin & Renne 1991). 

Two sites were sampled within the mylonite zone. The 
first (BS) is located in Borrego Palm Canyon west of 
Borrego Springs at an outcrop of metasedimentary rocks 
within the myionite zone. The marble at this site is 
strongly foliated and lineated, and displays reclined 
folds with fold axes transposed into coincidence with the 
stretching lineation (sheath folds). The second locality 
(PC) in the Palm Canyon Formation is on the east flank 
of Palm Canyon (Palm Springs). Marble in this struc- 
tural unit is strongly deformed, possesses a well- 
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developed foliation and stretching lineation that is coin- 
cident with the underlying mylonite zone, and includes 
rootless reclined sheath folds. 

Death Valley Region, southeastern California (MC, 
FN, FS) 

The Death Valley region of southeastern California is 
a part of the Basin and Range Province that has experi- 
enced large-scale crustal extension since at least early 
Miocene time. The upper crustal extension has been 
accommodated in part by low-angle normal faults with 
many of the characteristics associated with ' Metamor- 
phic Core Complexes' (Coney 1980). Two areas within 
this region were sampled. The first is a locality in Mosaic 
Canyon (MC) in the northern Panamint Ranges at Tucki 
Mountain in deformed carbonate rocks within a series of 
low-angle detachment faults. The geology of this area 
has been mapped in detail (Wernicke et al. 1986), and 
many of the geologic relations have been evaluated. The 
rocks from Mosaic Canyon are metacarbonate rocks of 
the Noonday Dolomite exposed beneath the Mosaic 
Canyon fault (see fig. 2, field stop 6 of Wernicke et al. 
1986). The Mosaic Canyon fault has a thick (up to 300 m) 
zone of fault gouge and breccia, and places unmetamor- 
phosed Stirling Quartzite and Bonanza King Formation 
above greenschist facies rocks below. Mesostructures in 
the Noonday rocks are very tight reclined folds with a 
crenulation lineation, open inclined folds, 'tension' frac- 
tures and ductile normal faults. The rocks of interest 
here are strongly deformed calcitic carbonates with a 
well-defined planar fabric and stretching lineation that 
post-dates the other ductile structures in the area. These 
rocks generally dip gently to the north or northeast, and 
possess a lineation that trends to the north. Shear-sense 
indicators such as asymmetric folds, S-C type relation- 
ships, and asymmetric tension crack fillings are mostly 
well developed, and indicate a top-to-the-north sense of 
shear. 

The second area was sampled at two sites: the western 
flank of the Funeral Mountains east of the Tucki Moun- 
tain site (FN, FS). Little is known about the geologic 
relations of the carbonate rocks. They were mainly 
selected to test the techniques that are applied in this 
study and may be used to gain information in areas that 
have not received much attention. FN was taken at the 
Keane Wonder Mine located north of Beatty Junction in 
Death Valley and FS near Mormon Point. The rocks in 
this area dip gently southward and are generally broadly 
folded with a fold axis that trends southeast. Parallel to 
this fold axis is a penetrative stretching lineation that 
appears to be superposed over all other minor struc- 
tures. Shear indicators could not be found. 

MICROSTRUCTURE 

Observations and measurements 

Calcite is the dominant phase in all investigated 
samples. Minor mineral components are quartz, reid- 

spar, mica, pyrite and hematite. Full details are given in 
Table 2. These secondary components mostly define 
thin layers which comprise the macroscopic foliation 
(see Ramsay & Huber 1987, p. 591 for definitions of 
foliation and schistosity). In general, it is well developed 
together with a lineation that we interpret from field 
data as the stretching direction. Most samples have a 
predominantly symmetric microstructure; only a few 
(BS, RR, RS, LC) are consistently asymmetric. The 
microstructure of all samples is characterized by varying 
amounts of mechanical twinning and recrystallization of 
calcite. 

Mechanical twinning and the formation of e-lamellae 
is the common low-temperature deformation mechan- 
ism in calcite crystals of marble tectonites (Turner 1953). 
In the investigated samples, it is particularly strong in 
larger (relic) grains and its importance decreases with an 
increasing amount of recrystallization (see Fig. 2). This 
is in accordance with experimental data presented by 
Schmid et al. (1987). The twins near the edges of the 
grains are frequently bent towards the direction of the 
macroscopic foliation and display a sigmoidal pattern 
(Fig. 2b). Twins nucleate at grain boundaries and propa- 
gate into the crystal, often wedging out before they 
reach the opposite side. In samples with asymmetric 
microstructures one set of twins dominates over the 
others and can be used as a shear indicator (in combi- 
nation with the orientation of the c-axis; Laurent 1987). 
The shear sense on each twin, as deduced from the 
reorientation of the c-axis, is consistent with the macro- 
scopic shear direction in the specimen (see Fig. 4). 

Recrystallization of calcite is concentrated at grain 
and twin boundaries and leads to a bimodal grain size 
distribution by forming rims of small recrystallized 
grains around large relic grains (Fig. 2b). The misorien- 
tation of the recrystallized grains increases with distance 
from the host grain (= relic grain). In sections parallel to 
the lineation and perpendicular to the macroscopic folia- 
tion, the host grains display a more or less elliptical 
grainshape. We follow Ramsay & Huber (1987, p. 591) 
in referring to the alignment of long axes of the elliptical 
grains as schistosity. The angle, a, between the schisto- 
sity and the macroscopic foliation varies over a relatively 
wide range even within a single sample. There is only a 
weak relationship between this angle and the total strain 
of the grain as assessed by the aspect ratio (Fig. 5). The 
average aspect ratio, as well as the average angle be- 
tween schistosity and foliation (as determined by optical 
microscopy), for the different samples are listed in Table 
2. 

In order to quantify the microstructural character- 
istics of the asymmetric samples, we measured a set of 
angular relationships between the macroscopic foliation 
F, the long axis of the grains (schistosity, S), the trace of 
c-axis [0001], and the trace of the dominant e-twin 
lamellae {0118) for selected marble samples. The 
measured angles, shown in Fig. 6, are defined as follows: 

- - a  is the angle between the trace of the macroscopic 
foliation plane and the long axis of the elliptical grain- 
shape (= schistosity); 



1194 B . G .  ERSKINE, F. HEIDELBACH and  H . - R .  WENK 

r~ 

¢o 

-g 

¢o [-  

.e 

. ~  o, 

0 

b 

e~ 

5 

..~ 

e-  
e', 

2 

M 

0 

e~ 

¢0 

0 

~..~ 
. .  ~ 01) 

N ~ 

0 

~J r~ 

. ~ , ~  .~ 

m 

"0 t* 

~5 

"-~ .-= ~ 7~ ~ ~ ~o 

E ~ 

7~ ~ !~ ~ =~ ~ ~ - ~  ~ ~ o ~  

oJ 

" 0  

N ~ ' ~  - ' -  

m 

._~ ~ 
~ o  

t -  

• ~ ~ ..~ .~. ..~ 

E 

~ ~o ¢ ~  
~J ~J ¢J 

~ ~ 0"3 ~ t ' ~  ~ ~ t ~  t'¢5 ~ 1  

~ 0 0 0 © © 0 0 0 0 

~ ~ ,22 ~ ~ ~ ~ ~ ~ ~ 

= ~ ' ~  

• ~ .~ ~ ~ o 
~ ~ o 

G ~  a 

. ~  = ~  

0 j  0 



Preferred orientations and microstructures in Cordilleran marbles 

. o ~  

~ G  
m~ 

• - ' ~  = 

~oQa ~.---_ 
~ S E  

...9. "~, 

e ' L ~  

1195 



B. G. ERSKINE, F. HEIDELBACH and H.-R. WENK 

0 

. ~ 8 ~  

~ o ~  
.~.~ ~ ~_~ 
~ o . ~  
, .~  ~ .  " ~  e o 

. ~  

~-=.~  ~ 

~ s g ~  

-~ o ._.z 

d o 'n  = 

o ~  
o 



Preferred orientations and microstructures in Cordilleran marbles 1197 

F /~ 
//j 

//// / f  / /  / /  /7 

2 15 

1 
/ / /  / 
z / r 

t '~"~.'c~ ~..~ --.-..~>...~:.~---- -~ ~ ~ aa 

Fig. 4. Stereographic projection with the traces of twin planes (dashed) 
and of c-axes of host and twin (solid and open arrows, respectively) for 
sample BS 3; shear sense on each twin plane is derived from rotation of 
respective c-axis; full line indicates orientation of foliation (F) and 
dashed line shows average grain shape schistosity for bulk sample (S). 
Projection plane is parallel to the lineation and bulk shear sense is 

sinistral. 

--fl is the angle between the trace of the foliation 
plane and the trace of the twin plane; we took all visible 
twins in each grain into account; 

- -e  is the angle between the normal of the trace of the 
foliation plane and the trace of the c-axis measured by 
the extinction position of the individual grain; 

- -7  is the angle between the normal to the long axis of 
the grain ellipse and the trace of the c-axis. 

All relationships were measured with a flat stage 
petrographic microscope in ultra thin sections cut per- 
pendicular to the macroscopic foliation and parallel to 
the lineation. One hundred grains were measured in 
each sample, and only relic grains were taken into 
account. From these data histograms were constructed 
collecting grains in angle intervals of 5 ° (Fig. 7). 

We chose four samples for our measurements rep- 
resenting the main types of different microstructures 
that we found. The Borrego Springs (BS) samples dis- 
play a medium unimodal grain size and all grains have 
more or less intense twinning (Fig. 2a). For this rather 
complicated type of microstructure with weak preferred 
orientation, we measured two different samples in order 
to identify the truly representative features. The sample 
from Raft River (RR) has the typical bimodal grain size 
distribution with large relic grains surrounded by small 
recrystallized grains (Fig. 2b). The sample from 
Lamoille Canyon (LC) is nearly completely recrystal- 
lized with only very few relic grains (Fig. 2c). 
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Fig. 5. Relationship between finite strain as evaluated by the aspect 
ratio of relic grains (ratio of long axis to short axis of grain shape) and 
the asymmetry of schistosity (S) and foliation (F) (=angle a) for 

samples from three localities. 

Pc 
P F  < 0 0 0 1 >  

Fig. 6. Schematic drawing of typical relic grain to define the angles a, 
fl, ~, and e. All angles are + in clockwise and - in counterclockwise 

direction. 

Resul ts  (Fig. 7) 

We observe that the angle a between the long grain 
axis and the foliation is highest (25 ° ) for the samples that 
show no evidence of recrystallization (BS). The peak 
angle decreases in more strongly recrystallized samples 
(20 °, RR) and is smallest in the sample with only a few 
relic grains (5 °, LC). 

The angle fl between the twin lamellae and the folia- 
tion is poorly defined in the BS samples but shows a 
definite preferred distribution in RR and LC which 
increases in sharpness with recrystallization. The asym- 
metry of this maximum of twin lamellae decreases with 
increasing recrystallization (from 35 ° (BS) to 15 ° (LC)). 

The angle e between traces of the c-axes and the 
foliation in the BS samples has only a weak preferred 
orientation which is centered normal to the foliation. 
RR has a strong c-axis maximum inclined 25 ° to the 
foliation, whereas LC displays a slightly asymmetrical 
peak inclined 5 ° to the foliation. The distributions of the 
c-axes in all samples is in good agreement with the data 
derived from the X-ray measurements (discussed be- 
low). 

The angle 7 between the long axis of the grain shape 
(schistosity) and the c-axis trace displays a weak sym- 
metrical maximum in BS. In RR and LC samples, they 
show sharper distributions oblique to the schistosity, 
about 15 ° and 5 °, respectively. The angle y is smaller 
than e. 

The results of these measurements reveal for all 
samples a pronounced obliquity between the features of 
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Fig. 6. 

single grains (e-lamellae, c-axes and elongation) and the 
mesoscopic structural elements for the whole rock 
(foliation, lineation). The obliquity of all these elements 
decreases with increasing recrystallization. The fabric 
asymmetry in these calcite mylonites resembles the S-C 
relationships described for quartz-mica mylonites by 
Lister & Snoke (1984). However, the development of 
the characteristic microstructures (especially foliation 
and oblique planar elements) in the deformed marbles is 
not very consistent, and therefore a direct correlation 
between structures in the two rock types is not war- 
ranted. The histograms of ~ do not indicate a simple 
relationship between the schistosity and the c-axis as was 
found by Dietrich & Song (1983) in calcite mylonites 
from the western Alps. The c-axes in their samples were 

consistently aligned with the schistosity normal, inde- 
pendent of the bulk texture. 

Transmission electron microscopy 

We investigated characteristic samples (RR, LC, SR) 
with the transmission electron microscope (TEM) in 
order to determine differences in the submicroscopic 
structure of relic and recrystallized grains. 

Characteristic for the relic grains are isolated straight 
dislocation lines with trails of small loops (arrows, Fig. 
3a). Relatively few microtwins were found compared to 
the abundance of twins visible in the light microscope. 
The trails of loops are interpreted as products of move- 
ment of dipoles. In a particular grain the sense of 
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movement is the same for all observed trails. Dislocation 
densities are about 2 × 10 ~ cm -2. In the small recrystal- 
lized grains we observed fairly high concentrations of 
tangled dislocations and subgrain boundaries which 
make it difficult to determine the dislocation density 
(Fig. 3b). We estimate the dislocation density to be 
higher than 109 cm -2. The dislocation lines are often 
curved and the subgrains typically have a cell structure. 
The new grains have obviously been deformed after 
recrystallization. Locally intensive microtwinning was 
observed in these newly recrystallized grains which is 
offset by intersecting shearbands (see Fig. 3c). The twin 
lamellae are up to 0.1 Hm wide and compose about 10% 
of the volume. Such twinned regions however, are 
rather exceptional. 

X-RAY TEXTURE ANALYSIS 

Measurement of  pole figures and calculation of  the orien- 
tation distribution function 

Slabs from oriented hand specimens were cut perpen- 
dicular to the macroscopic foliation F and parallel to the 
lineation L. On these slabs, incomplete pole figures for 
several diffraction peaks were measured with a modified 
Norelco X-ray pole figure goniometer in reflection 
geometry (see Wenk 1985 for details). The pole figures 
were continuously scanned on a spiral path with a 5 ° 
divergence, and samples were translated to obtain a 
better grain average. Intensities were measured for 100 s 
covering about a 3 ° spiral increment. Defocusing of the 
incident beam as a function of sample tilt was corrected 
using a limestone standard with a random texture. Due 
to defocusing, measurements between 80 ° and 90 ° were 
not very reliable and were not used in the normalization, 
data processing or plotting. 

For most samples we relied only on {1120) pole 
figures which are easy to measure, but for three selected 
samples (Lamoille Canyon (LC1), Funeral Mountains 
(FN2) and Snake Ranges (SR3)) the three-dimensional 
orientation distribution (ODF) was calculated using the 
WIMV algorithm (Matthies et al. 1988) from three 
incomplete pole figures of the lattice planes {1120}, 
{1014) and {2022) (Fig. 8). In contrast to pole figures 
which plot only the orientation distribution of a single 
lattice direction with respect to the sample co-ordinates, 
the ODF is a more complete texture representation 
which relates the crystallite co-ordinate system and the 
sample reference frame. Two right-handed co-ordinate 
systems need to be specified for the ODF represen- 
tation. In analogy to earlier studies (Wenk et al. 1987), 
the crystal co-ordinate system is chosen as: X c = [2110], 
the crystal a-axis; Z c = [0001], the crystal c-axis, and Y~ 
normal to these two directions. The sample co-ordinate 
system is defined as X ~, the lineation (right on pole 
figure), Y~ the normal to the microscopic foliation (top 
on pole figure) and Z ~ the intermediate fabric direction 
(center on pole figure). We used the Roe (1965) conven- 
tion of Euler angles and represent the ODF in the 

recently introduced o = (~ + ~)/2 sections rather than 
sections in equal-area projection (Fig. 9). The o- 

sections are advantageous because of minimal distortion 
(Helming et al. 1988). The two-dimensional sections of 
the three-dimensional ODF may be visualized as orien- 
tation distributions of c-axes with respect to different a- 
axes orientations (Wenk & Kocks 1987). The last plot of 
the ODF sections is an average over all sections, and 
represents a standard c-axis pole figure. 

The calculation of the ODF is important in this study 
for three reasons. First, recent work that quantitatively 
relates calcite textures to the strain path is based on a 
comparison of natural, experimental and simulated tex- 
tures in ODF space (Wenk et al. 1987). Second, the 
ODF enables the calculation of pole figures of any 
desirable lattice direction. In particular, c-axis pole 
figures of the samples under study may be plotted for 
comparison with the microstructure. The {0006) X-ray 
reflection is weak and is difficult to measure because of 
its proximity to the intense {10-14} reflection. Finally, 
intensity measurements are affected by a number of 
factors such as sample heterogeneity and the presence of 
impurities such as quartz and calcium silicate minerals. 
The ODF calculation also allows us to assess the quality 
of the pole figure data with quantitative error criteria. 
The significance of minor features such as variations of 
a-axis densities in the foliation plane can be evaluated. 
Agreement between the measured and the recalculated 
pole figures provides confidence in the measured data. 

Pole figures from each of the three sites are similar 
(Fig. 8). The {11§0) pole figures display a symmetric to 
slightly asymmetric great circle girdle that is nearly 
parallel to the mesoscopic foliation F. The {10]-4} poles 
are within two small circle girdles that are distributed 
about the pole normal to the {1120} girdle. The {2022} 
poles form a broad great circle girdle that is parallel to 
the {1120} girdle, and contains two point maxima that 
are bisected by the external fabric co-ordinates. The 
{0006} poles (not used in the ODF calculations) form a 
point maximum normal to the {1120} girdle. There is 
excellent agreement between the calculated and 
measured pole figures in terms of their geometry and 
intensity, which is also expressed in good RP-values 
(Matthies et al. 1988). 

The obliquity of the {1120} girdle is described by the 
angle w between the girdle and the foliation F. For 
triclinic pole figures, where the great circle girdle does 
not intersect the center of the pole figure (sample co- 
ordinate Z~), the angle ~0 is measured between F and the 
intersection of the girdle and the edge of the pole figure. 

Results 

The ODFs of each of the three samples in Fig. 9 
compare favorably with the low-temperature texture 
types described by Wenk et al. (1987). The high peak 
maxima in {0001} pole figures (between 5.0 and 10 
multiples of a random distribution, m.r.d.) imply that 
the finite strain exceeded 30% shortening. Since pole 
figures and microstructures are similar, it is reasonable 
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to assume that the lattice preferred orientation and the 
microscopic fabric are related to the last major phase of 
deformation in each of the respective areas, and do not 
represent local last-stage deformation events. 

Visual inspection of Fig. 10 reveals three common 
features among the sampling sites. The first is a consist- 
ency in the texture_pattern. Each pole figure is defined 
by a great circle {1120} girdle that, in general, intersects 
the Z ~ sample axis. About half of the pole figures are 
smooth and regular, others are more heterogeneous 
with spurious maxima which can be attributed to large 
grain size and contributions from silicate inclusions (the 
quartz and calcite {1120} reflections are at very similar 
Bragg angles). In those samples with a reasonably 
smooth girdle, there are generally subsidiary concen- 
trations at 50-60 ° . 

The second common feature is a similarity in the 
symmetry of the pole figures with respect to the chosen 
sample axes. Most are nearly orthorhombic with {1120} 
girdles being tilted less than 10 ° from the macroscopic 
foliation plane F. In some samples (BS2 and 3, SR4, 
RN2, FS2) the girdle is considerably (up to 30 °) tilted 
around ys (triclinic pole figures), indicating that the 
deformation geometry deviated from plane strain con- 
ditions. 

The third common feature of the pole figures is that 
the sense of asymmetry around Z ~, even though small, is 
the same for all samples. The {1120} girdles are slightly 
rotated against the sense of shear implied from indepen- 
dent shear criteria. 

DISCUSSION 

Texture patterns in these highly deformed marbles 
have been surprisingly uniform in spite of very different 
degrees of recrystallization. They are characteristic of 
the calcite low-temperature texture that has been ob- 
served below 300-400°C in experimentally deformed, 
fine-grained limestone (Wenk et al. 1987). High- 
temperature textures were not found in any of the 
samples measured, and so far there have been no reports 
of such in naturally deformed carbonate rocks. Such 
low-temperature textures develop at conditions where 
r--slip and e+-twinning are dominantly active (Take- 
shita et al. 1987). The high, nearly orthorhombic, sym- 
metry has been unexpected because it is indicative of 
coaxial deformation. Wenk et al. (1987) provided a 
method to estimate the contribution of simple shear to 
the total strain, based on the angle between the c-axis 
maximum in the pole figure and the pole to the macro- 
scopic shear plane. This angle is equivalent to the angle 
to between the { 1120) girdle and the shear plane which 
has been introduced above. In these rocks to never 
exceeds 18 ° . Values for individual samples are listed in 
Table 2. 

A determinative chart (Fig. 11) can be used if the 
macroscopic shear plane is known and if deformation 
occurs by the above described mechanisms. The chart 
was obtained from polycrystai plasticity simulations 
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Fig. 11. Determinative diagram to estimate percentage of simple 
shear deformation from the asymmetry of the (1120} girdle with the 

macroscopic foliation F, and to (from Wenk et al. 1987). 

based on the viscoplastic self-consistent theory (e.g. 
Tom6 et al. 1991). These calculations indicate that in 
simple shear the a-axis girdle is inclined 37 ° to the shear 
plane, and the orientation of the girdle does not change 
with increasing shear strain. In pure shear the girdle lies 
perpendicular to the direction of shortening. For a strain 
path which is intermediate between simple and pure 
shear--as described by a displacement gradient tensor 
(Dn D12) (0 - Dn)- - the  angle 09 varies almost linearly 
with the amount of simple shear (% = 100 D12/(2Dn + 

Dl2)) from 0 ° to 37 °. The w angles in the samples 
described here range from 0 ° to 18 ° (Table 2), which 
implies simple shear components from 0 to 40%. 

What is the influence of recrystallization in these 
samples which occurred mainly by nucleation of new 
grains along twin and grain boundaries? Dislocation 
structures in relic and recrystallized grains are similar; 
both are deformed, indicative of dynamic recrystalliza- 
tion. Also, the textures of more or less recrystallized 
samples are similar, suggesting that there were no major 
strain path changes during tectonic deformation of these 
marble samples. Since the asymmetry ~o of the texture 
does not change with increasing deformation, recrystal- 
lized grains which enter the deformation process at a 
later stage rotate into the same maximum and do not 
change in angular position. If there would have been a 
change in strain path, such as pure shear deformation, 
recrystallization followed by simple shear deformation, 
one would expect a texture consistent with simple shear, 
at least after a total strain of 30--50%. 

The microstructure of the investigated samples is 
predominantly symmetric and could be the result either 
of a pure shear deformation or of an extremely large 
simple shear deformation. The few samples, which dis- 
play asymmetric microstructures and were analyzed 
more closely, have an irregular pattern if compared with 
their respective textures. 

The Borrego Springs samples have the highest micro- 
structural asymmetry (a ~ 27 °) and a relatively high 
to(=10 °) in the texture, whereas the sample from Raft 
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River is similarly asymmetric in the microstructure (a 
23 °) but possesses a fairly symmetric texture (co ~ 4°). 
The Lamoille Canyon samples have an asymmetric tex- 
ture (~o ~ 9 °) and a slightly asymmetric microstructure 
(a ~ 8°). These inconsistencies may be due to the strong 
twinning in the relic grains which causes a decrease in the 
strength of the preferred orientation because it rotates 
the c-axis away from the point maximum in a sense 
opposite to the shear on the twin plane (Fig. 4). Further- 
more the microstructural data (Fig. 7) indicate a close 
relationship between twinning and grainshape (angles ct 
and fl) whereas the preferred orientation of the c-axes 
(angles e,y) is not as clearly related to the grainshape. 
Microstructure and texture therefore might be related to 
different deformation stages, i.e. the bulk texture is the 
result of an older pure shear deformation, whereas the 
microstructure is produced by a younger simple shear 
deformation which was dominantly accomplished by 
twinning. Twinning is strongly developed in most of the 
samples (see Table 2) and may account for a significant 
amount of the overall strain. Dynamic recrystallization 
may produce a spread of orientations + around the point 
maximum of the deformation texture (e.g. Friedman & 
Higgs 1981, de Bresser 1989), but does not significantly 
change the overall texture type. The effect on the 
determination of the angle co is therefore considered to 
be only minor. Recrystallization also may affect the 
grain shape and therefore the direction and length of the 
long axis of an ellipsoidal relic grain (angle a). 

In summary, our results suggest that in marbles of 
core complexes in the western United States and associ- 
ated tectonic units which we studied, the non-coaxial 
component is relatively small. The textures contrast with 
those from thrust nappes of low metamorphic grade in 
the Alps (Schmid et al. 1981, Dietrich & Song 1984, 
Dietrich & Durney 1986, Ratschbacher et al. 1991) 
where asymmetric calcite fabrics are common and the 
asymmetry is systematically related to the strain distri- 
bution expected in a spreading-gliding nappe (e.g. 
Merle 1989). A notable exception in these Alpine car- 
bonate rocks is a very highly deformed calcite mylonite 
along the thrust contact in the Graz Paleozoic which 
displays a well-developed symmetrical fabric (Ratsch- 
bacher et al. 1991). In this paper the pure shear defor- 
mation in extreme strain situations is attributed to the 
fact that pure shear in calcite is energetically favored 
over simple shear (Takeshita et al. 1987, Wenk et al. 

1987). If heterogeneous deformation is possible, this 
mode may be preferred, even though on a large scale, 
the bulk of the deformation may occur by shearing. 

A similar situation could conceivably exist in carbon- 
ate rocks from the core complexes. Carbonate rocks 
could deform heterogeneously but coaxiaily in an other- 
wise dominantly non-coaxial shear zone; however, fab- 
ric studies on quartzites describe symmetric (e.g. 
Compton 1980, Lee et al. 1987) or moderately asymmet- 
ric textures (Lister & Snoke 1984, Davis et al. 1986, 
1987). This would imply that the core complexes 
deformed primarily by coaxial deformation (e.g. Miller 
et al. 1983, Lee et al. 1987), rather than simple shear 

deformation in a large shear zone (e.g. Wernicke 1981, 
1983, 1985, Wernicke & Burchfiel 1982). The relatively 
small component of simple shear in the samples is 
expressed in the slight asymmetry of the a-axis girdles 
relative to the macroscopic shear plane. 

In conclusion we have demonstrated that calcite fab- 
rics in deformed marble contribute important infor- 
mation for the determination of the overall strain path. 
X-ray pole figure analysis on oriented specimens was an 
efficient method to measure preferred orientation. A 
survey of marbles from metamorphic core complexes 
suggests predominantly coaxial deformation which 
could originate from crustal thinning. Slight asymme- 
tries in pole figures permit the determination of the local 
sense of shear. 
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