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Abstract-Field and laboratory investigations indicate that phyllonite within the Santa Rosa mylonite zone 
developed from granodiorite without hydrous alteration of the original mineral assemblage. Initial grain-size 
reduction within zones of phyllonite was accomplished through whole-rock cataclasis; subsequent deformation 
occurred through ductile flow. The original cataclastic failure is recorded by sharp boundaries with the 
surrounding rock, which are retained through the ductile overprint. 

Biotite in phyllonite has a mean grain size of -3 ,um and exhibits straight boundaries and a strong 
crystallographic preferred orientation. Trace analyses of HVEM images indicate that the largest biotite grains 
are most strongly oriented, and the grains are elongate parallel to lineation. TEM observations indicate that 
typical grains have irregularly spaced stacking faults and twins. Evidence for intracrystalline folding and 
cataclasis, present in protomylonite and mylonite, is absent; bending or kinking of grains is rare. These 
observations suggest that biotite in phyllonite accommodated deformation through dynamic recrystallization in 
concert with intracrystalline slip and mechanical rotation. Grain-size reduction to form phyllonite is accom- 
panied by macroscopically and microscopically visible changes in the character of foliations in the rock. We 
suggest that these changes arc linked to the deformation mechanisms operating within the fine-grained 
phyllonite 

INTRODUCTION 

“I once deformed a thymol specimen which first yielded 
brittlely to produce a cataclasite and then transformed 
itself, by plastic deformation of the fragments, dynamic 
recrystallization and void-healing into a mylonitic 
material. This recalls the brittle-to-plastic history for 
shear zones in granite as interpreted by Segall and 
Simpson (1986), and reminds us again that some micro- 
structures in rocks may have short memories of complex 
histories.” 

W. D. Means (1989) 

Interest in mylonites and the process of mylonitization 
has grown over the past two decades with the recog- 
nition that mylonite zones are the deep crustal equival- 
ents of shallow brittle faults, and that the entire brittle- 
to-ductile shear systems accommodate major defor- 
mations of continental crust (see reviews by Kirby 1985, 
Sibson 1986). Mylonites are generally understood to be 
the product of high strain, distinguished by three charac- 
teristics: (1) reduction in grain size from the protolith, 
(2) development of a strong foliation and/or lineation, 
and (3) confinement to a discrete zone (Tullis et al. 
1982). Localization of strain within a discrete zone may 
be accomplished through a number of processes (see 
reviews by White etal. 1980, Kirby & Kronenberg 1987), 
among which mechanical weakening and reaction 

softening are most commonly documented. The import- 
ance of initial brittle structures in localizing strain 
(Segall & Simpson 1986, Tullis et al. 1990) is less well 
understood, perhaps in part due to the general rejection 
of the original idea that mylonites developed solely 
through cataclasis (Lapworth 1885), and in part because 
evidence of early brittle deformation is likely to be 
effectively erased during later plastic flow (cf. Means 
1989, Tullis et al. 1990). 

Preservation of structures developed during the early 
history of a mylonite zone depends on a heterogeneous 
distribution of strain throughout its development. 
Heterogeneous deformation within the Santa Rosa 
mylonite zone, California, allowed different steps in the 
process of mylonitization to be recorded; therefore, a 
full deformational history for the zone can be estab- 
lished. The bulk of the Santa Rosa mylonite zone is a 
granodiorite mylonite, with phyllonite and, rarely, 
ultramylonite locally present. Processes by which strain 
was localized within the narrow zones of phyllonite and 
ultramylonite are the primary focus of this paper. We 
present evidence that this localization was accomplished 
largely by reduction of grain size through initial catacla- 
sis, and emphasize that this was achi,eved without the 
changes in mineralogy and bulk chemistry that typically 
accompany retrogression. 

In the following text, we describe the structural fea- 
tures of the Santa Rosa mylonite zone from the large to 
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the small scale, focusing on the development of phyllo- 
nite. We note macroscopic and microscopic changes in 
the character of foliations that accompany this develop- 
ment, and suggest that changes in foliations reflect the 
changes in deformation mechanisms that occur with 
grain-size reduction. 

REGIONAL SETTING 

Two major shear zones cut the northern Peninsular 
Ranges batholith of southern California (Todd et al. 
1988). The easternmost of these, the eastern Peninsular 
Ranges mylonite zone (Sharp 1979) extends from the 
latitude of Palm Springs southward for about 80 km (Fig. 
1). Strands of the still-active San Jacinto Fault zone 
(Sharp 1967) divide the Eastern Peninsular Ranges 
mylonite zone into three segments from south to north; 
this paper is focused on the northernmost Santa Rosa 
mylonite zone. 

Previous workers (Sharp 1979, Erskine 1985) have 
mapped the boundary between the granodiorite proto- 
lith and the Santa Rosa mylonite zone and identified a 
series of imbricate, low-angle faults (generally dipping 
less than 30” to the northeast; Fig. 1). Movement within 
this system of kinematically related mylonites and faults 

Fig. 1. Generalized geologic map of the eastern Peninsular Ranges 
mylonite zone (modified after Sharp 1979, Erskinc 1985). Stippled 
pattern represents middle Cretaceous granitic rocks of the Peninsular 
ranges batholith and older included metasedimentary screens. Shad- 
ing indicates mylonites. SRMZ = Ranta Rosa mylonite zone. CMMZ 
= Coyote Mountain mylonite zone. BSSZ = Borrcgo Springs shear 
zone. Barbed lines show positions of low-angle faults; barbs face the 
hanging walls. Bold lines show high-angle. predominantly strike-slip 
faults. The area of the detailed map shown in Fig. 2 is indicated by the 

box marked by an arrow 

was essentially top-to-the-southwest, indicating that it is 
a thrust system. Evidence for this comes independently 
from several workers and includes: (1) orientations of 
macroscopic structures within the footwall of the Santa 
Rosa fault (Sharp 1979); (2) petrographic analysis of 
sense-of-shear indicators in the mylonite zone (Simpson 
1984); (3) geometric relations between individual low- 
angle faults and concordance of lineations on fault 
surfaces with the mylonitic lineation (Erskine 1985, 
1986b); and (4) calculation of pressures of pluton crys- 
tallization (Ague & Brimhall 1988) using the hornblende 
geobarometer of Hammarstrom & Zen (1988). Ague 
and Brimhall suggest tectonic transport of as much as 5- 
7 km vertically along the system of mylonites and thrusts 
based on crystallization of the granodiorite protolith at 
pressures of 450 MPa (17 km depth) and of the Asbestos 
Mountain granodiorite above the uppermost thrust at 
600-650 MPa (22-24 km depth). The former crystalliz- 
ation pressures are consistent with those of mineral 
assemblages of rocks from lower plate metasedimentary 
screens (Theodore 1970) in the Coyote Mountain mylo- 
nite zone (Fig. 1). 

Mylonitization was initiated by -80 Ma, with em- 
placement of the uppermost thrust sheets by -60 Ma 
(Goodwin & Renne 1991). Crustal thickening resulted 
from thrusting in the Santa Rosa mylonite zone, so 
compression at right angles to the shear zone margins is 
probable. Quartz and calcite textures indicating a com- 
ponent of flattening during mylonitization have been 
noted by Erskine (1985) and Erskine & Wenk (1985). In 
addition, Erskine (1985, 1986a) and Todd et al. (1988) 
have postulated limited Cenozoic reactivation of Meso- 
zoic thrusts on the basis of structures and petrologic 
trends suggesting eastward-directed movement along 
these faults. Reactivation of these thrust faults as low- 
angle normal faults is supported by fission track data 
(Dokka 1984; B. G. Erskine, personal communication 
1989) that suggest rapid exhumation at -60 Ma, im- 
mediately following the final phase of compressional 
deformation (Goodwin & Renne 1991). 

A number of workers (Theodore 1970, Sharp 1979, 
Anderson 1983, Erskine 1985. 1986b, Todd et al. 1988) 
have suggested that intrusion of the eastern Peninsular 
Ranges batholith was syntectonic with respect to mylo- 
nitization. This assertion is based upon: (1) amphibolite 
grade metamorphism of rocks of the Coyote Mountain 
mylonite zone and the Borrego Springs shear zone (cf. 
Fig. l), (2) rough concordance between the long dimen- 
sions of plutons, the strikes of deformation belts, and 
strikes of magmatic and mylonitic foliation, and (3) 
macroscopic structural features. However, field evi- 
dence and microstructural analysis (Simpson 1985, this 
paper) and the tectonothermal history of the zone 
(Goodwin & Renne 1991) indicate that mylonitization 
was initiated in holocrystalline plutonic rock. 

Regionally, the metamorphic grade in metasedimen- 
tary screens in the Peninsular Ranges batholith rises 
from greenschist facies in the west to amphibolite facies 
in the east (Fig. 3 of Todd et al. 1988). Evaluation of a 
cooling curve in light of the tectonic history of the Santa 
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Rosa mylonite zone indicates that mylonitization must 
have been initiated before the rocks cooled to 330°C 
(Goodwin & Renne 1991); microstructural analysis of 
the granodiorite mylonite suggests that the zone de- 
formed mainly at middle amphibolite facies conditions 
(Simpson 1985). Recrystallized plagioclase within the 
mylonite zone has a composition of AnscLss (Ague 
1988), consistent with amphibolite facies conditions. 

STRUCTURAL VARIATION 

Terminology 

In the region of study (Figs. 1 and 2) the mylonite zone 
is developed largely in plutonic rocks of the Peninsular 
Ranges batholith. Included metasedimentary screens 
are rare and are not considered here. The area contains 
the hinge of a broad, gentle fold in the mylonite zone; 
the fold appears to have developed during mylonitiza- 
tion with a fold axis parallel to the mylonitic lineation 
(Erskine 1985). Three structural domains (Fig. 2) were 
delineated in the field on the basis of macroscopic 
structures within the zone. These structures, field re- 
lations and petrographic observations are described in 
later sections. Terminology in this description follows 
Sibson (1977): a protomylonite is distinguished by lO- 

50% matrix formed by grain-size reduction, a mylonite 
has 5&90% matrix, and an ultramylonite contains 90- 
100% matrix. The term phyllonite, introduced by 
Sander (191 l), is a contraction of ‘phyllite mylonite’ and 
indicates a rock of phyllitic appearance which was 
created through deformation. Knopf (1931) enlarged on 
this definition, pointing out that “. _ . this means a 
phyllite produced by mylonitization of an originally 
coarser-grained rock” and “Although many phyllonites 
are diapthoritic [the product of retrogression] they are 
not necessarily so. . .“. In the Santa Rosa mylonite zone, 
phyllonites are, by Sibson’s (1977) classification, a var- 
iety of ultramylonite; that is, they contain 90-100% 
matrix. Samples were classified as ultramylonite or phyl- 
lonite based on appearance in the field. Ultramylonite in 
the Santa Rosa mylonite zone is typically dark grey- 
black, largely aphanitic, and massive. A foliation is 
macroscopically visible, but the rock does not cleave 
easily. In contrast, phyllonite breaks easily along folia- 
tion planes (much like a slate), is generally grey-brown 
grey, and though the rock is dominantly aphanitic, a 
micaceous sheen is evident along foliation planes. Sur- 
prisingly, there is no microscopically evident expla- 
nation for the difference in macroscopic appearance 
between ultramylonite and phyllonite. They are com- 
positionally, mineralogically and texturally similar. For 
the remainder of this paper, observations made from 
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LINEATION 

Fig. 3. Lower-hemisphere. equal-ar-ea projections. (a) Poles to magmatic foliation in granodiorite protolith. (b) Early 
stages of mylonitization: poles to micro-shear zone boundaries (crosses) and foliation in protomylonite and mylonite 
(circles), domain 1, (c) Late stages of mylonitization: poles to foliation in mylonite (circles), domain 3, and ultramylonite 
(triangles). domains 2 and 3. (d) Early stages of mylonitization: lineation in micro-shear zones (crosses) and protomylonite 
and mylonite (circles), domain I. (e) Late stages of mylonitization: lineation in mylonite (circles), domain 3. and 

ultramylonite (triangles). domains 2 and 3. 

the two rock types will be grouped together under the 
term ‘phyllonite’, which is dominant in the Santa Rosa 
mylonite zone. 

Three foliations have been recognized in the Santa 
Rosa mylonite zone (Simpson 1984, Erskine 1985, 
O’Brien 1985, O’Brien er al. 1987). Fabric development 
is correlated with strain in the rock (Simpson 1984). S- 
surfaces (cf. Berthe et al. 1979) are dominant at low 
strains. Within highly strained phyllonite, S- and C- 
surfaces (cf. Berth6 et al. 1979) are virtually parallel and 
shear bands (cf. White et al. 1980, Gapais & White 1982; 
extensional crenulation cleavages of Platt 1979, Platt & 
Vissers 1980; C’ foliation of Ponce de Leon & Chouk- 
roune 1980) are pervasive. The composite S-Csurface is 
the dominant, macroscopically visible foliation in the 
phyllonite. 

Orientations of structures 

The orientations of structures within the map area are 
shown in Fig. 3. Poles to the magmatic foliation (cf. 
Paterson et al. 1989) of the granodiorite protolith are 
shown in Fig. 3(a) and attitudes of C-surfaces in variably 
deformed rock from the mylonite zone are plotted in 
Figs. 3(b) & (c). Th ese plots include data from the 
northernmost part of the Santa Rosa mylonite zone in 
addition to data from the main study area. Lineations, 
measured on C-surfaces of variably deformed rock from 

the mylonite zone, are shown in Figs. 3(d) & (e). The 
slight spread in orientation of poles to foliation visible in 
Figs. 3(b) & (c) I’ res in a plane at right angles to the 
lineations as a result of the gentle folding of the mylonite 
zone mentioned earlier. These plots illustrate two im- 
portant points. First, the orientation of the magmatic 
foliation of the granodiorite protolith is distinct from the 
orientation of the tectonic foliations. supporting the 
assertion that mylonitization post-dated cooling of the 
granodiorite protolith. Second, the maxima defined by 
the C-surfaces and the lineations are stronger for more 
highly strained rocks, indicating that the orientations of 
these fabric elements became more regular with increas- 
ing deformation, from micro-shear zones and protomy- 
lonite, to mylonite, to phyllonite. 

Bulk chemistry and mineralogy 

Previous studies (Erskine 1985, O’Brien et al. 1987) 
show no systematic bulk chemical changes with increase 
in strain in the Santa Rosa mylonite zone. Our results 
are reported with respect to the percent matrix material 
developed through deformation, determined through 
petrographic analysis of the samples analyzed (Fig. 4). 
Although variation in the chemical constituents of 
different samples is apparent, it is not linked to degree of 
deformation. Such differences can be accounted for by 
heterogeneities in the granodiorite protolith which are 
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Fig. 5. X-ray diffraction data from samples analyzed for Fig. 4. 
Biotite peak intensity (measured in counts per second) is plotted 
against matrix percent. Variation in the amount of biotite correlates 

with composition (compare with Fig. 4). not with strain. 

not erased by mylonitization. X-ray diffraction of whole- 
rock powders was used to investigate modification of 
bulk mineralogy during deformation. Two results of 
importance emerge: (1) biotite, the only hydrous phase 
present, changes in quantity with variation in bulk 
composition, but not with variation in amount of strain 
(Fig. 5, compare with Fig. 4). This observation contrasts 
sharply with O’Hara’s (1988) study of phyllonite devel- 
opment in North Carolina, where deformation was 
accompanied by breakdown of alkali feldspar to form 
muscovite. (2) The only systematic change with defor- 
mation is shown by plagioclase feldspar. Plagioclase 
composition is -And0 for the granodiorite protolith and 
Anss3s for mylonite (Ague 1988). Within the mylonite, 
the compositions of plagioclase porphyroclasts and sub- 
grains within porphyroclasts are the same within 
measurement error (Ague 1988). Interestingly, the re- 
crystallized ‘tails’ of plagioclase porphyroclast systems 
are slightly but consistently more calcic. Petrographic 
investigations suggest that accessory epidote formed 
during deformation; epidote probably accommodated 
Ca and Al released as plagioclase, overall, became more 
sodic. 

In summary, fabrics within the Santa Rosa mylonite 
zone become increasingly well developed with increas- 
ing strain, but deformation is not accompanied by 
changes in bulk chemistry or mineralogy. In the follow- 
ing sections, we explore the structural changes that do 
accompany this strain increase, progressing from the 
granodiorite protolith structurally upward through the 
mylonite zone toward the Palm Canyon fault. 

Granodiorite protolith 

The plutonic protolith to the mylonite in the Santa 
Rosa mylonite zone is macroscopically heterogeneous. 
Within the study area it is predominantly granodiorite, 
although local variation from granite to granodiorite is 
evident in the field and more mafic microgranitoid 
enclaves (or autoliths, cf. Vernon 1984, Vernon et al. 
1988) and schlieren are locally abundant. The rock is 
typically an equigranular, medium-grained granodior- 
ite, but it is locally fine- or coarse-grained and, rarely, 
porphyritic. The major mineral constituents are, in 

order of abundance, plagioclase, quartz, biotite and 
potassium feldspar. 

This granodiorite protolith exhibits a weakly to mod- 
erately developed, generally northerly striking and 
steeply E-dipping magmatic foliation (Figs. 2, 3a and 
6a). The foliation is defined by the alignment of flat- 
tened microgranitoid enclaves and dimensional pre- 
ferred orientation of subhedral biotite and feldspar 
phenocrysts (Figs. 6a & b). Inclusions vary in size and 
may reach several meters in longest dimension. They are 
generally lens-shaped and flattened in the plane of the 
foliation, but may be irregular in shape. In the area of 
study, the granodiorite protolith is not lineated. 

Within the granodiorite protolith, undulatory extinc- 
tion, occasional subgrain formation and some 
elongation of quartz grains are the only common signs of 
ductile deformation visible with the light microscope 
(Fig. 6b). Transmission electron microscope (TEM) 
analysis of microstructures in plagioclase-including 
exsolution lamellae, dislocation arrays, and subgrain 
walls-suggests that deformation occurred at a mini- 
mum temperature of 500°C (Ague 1988). Biotite is 
rarely kinked, is generally subhedral, and is character- 
ized by straight grain boundaries. Features indicative of 
intracrystalline deformation in biotite are concentrated 
along these grain boundaries (Goodwin & Wenk 1990). 
These features consist of regions of intracrystalline fold- 
ing and cataclasis, which are characterized by little or no 
change in color with rotation of the microscope stage 
and, in most orientations, higher refractive indices than 
the undeformed portions of the grains. 

Domain 1: evidence for initial cataclasis and subsequent 
mylonitization 

The boundaries of the mylonite zone are curviplanar 
(Fig. 2). Where good control is possible through struc- 
ture contouring, the lower boundary is roughly parallel 
to the Palm Canyon fault. At the map scale, the magma- 
tic foliation in the granodiorite protolith curves toward 
the base of the mylonite zone in a sense consistent with 
top-to-the-southwest displacement (Fig. 2). At the out- 
crop scale, the contact between the granodiorite proto- 
lith and structural domain 1 is irregular. This contact is 
broadly gradational, as shown on the map in Fig. 2, but 
strain does not increase continuously structurally up- 
ward; deformation was heterogeneous. 

Domain 1 comprises the least deformed section of the 
Santa Rosa mylonite zone. Within this 15-75 m thick 
domain, the granodiorite protolith is cross-cut by l-20 
mm wide branching shear zones, which locally truncate 
the magmatic foliation and divide the granodiorite into 
lens-shaped pods (Fig. 6c; geometry reminiscent of 
Simpson 1982). Three types of micro-shear zone have 
been recognized: (1) the most common type appears to 
contain ultramylonite with a single macroscopically vis- 
ible foliation, parallel to the micro-shear zone bound- 
aries, and a mylonitic lineation. The mylonitic foliation 
and lineation are defined by the preferred crystallo- 
graphic orientation of biotite, dimensional alignment of 
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Fig. 6. (a) Granodiorite protolith; magmatic foliation defined by preferred dimensional alignment of biotite (black) and 
flattened microgranitoid enclaves (e). (b) Granodiorite protolith: trace of magmatic foliation, defined by preferred 
dimensional alignment of subhedral biotite grains (b) and plagioclase laths (p). is approximately parallel to the base of the 
photo. Undulatory extinction in quartz (q) is common. Thin section cut at right angles to foliation; polarizers crossed. (c) 
Domain 1; anastamosing micro-shear zones (marked by arrows) cross-cut granodiorite. ‘m’ indicates area of incipient 
mylonitization. (d) Domain 1; folded micro-shear zones. Black line traces the boundary between a micro-shear zone (left) 
and protomylonite (right), defining the fold. (e) Domain 3; note the sharp boundaries between the mylonitc and the thin. 
laterally discontinuous phyllonite (p). The boundaries are parallel to C-surfaces. Shear bands (sb) indicate sinistral (top-to- 

the-southwest) displacement. The chisel is 15 cm long. 
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Fig. 7. Thin sections viewed at right angles to foliation and parallcl to lincation. Polarizers arc crossed in (a). (b) K: (c). 
Sense of shear in (b)-(e) is dextral, or top-to-the-southwst. Domain I: (a) ‘B’ marks boundary between micro-shear zone 
and macroscopically undeformed granodioritc. Biotite grains are locally strongly aligned (b) within the micro-shear zone. 
Quartz (q) exhibits undulatory extinction and, locally, ribbons. Both undulatory extinction and fractures arc common in 
feldspars. (b) Ductile overprint of a micro-shcarzonc and the adjacent rock (now a protomylonite). Note sharp boundaries 
of micro-shear zone (B) and associated fractures (f). Plagioclasc porphyroclasts (p) arc fractured and bent. Long axes of 
quartz subgrains and new grains (q) dcline S-surfaces. Domain 3: (c) porphyroclast systems of feldspar (p) and biotitc (b) in 
mylonitc: orientations of S- and C-surfaces marked. Recrystallized quartz grains (q) are elongate parallel to S-surfaces. 
Feldspar porphyroclasts develop a rounded appearance and exhibit fewer fractures with decreasing grain size. (d) ‘p’ marks 
the plagioclasc porphyroclast labclcd in (c). f-domains arc dominantly fine-grained feldspar. b-domains arc mainly biotitc, 
and q-domains are formed of finegraincd quartz. Domain 2: (e) ultra-thin section of phyllonitc. Tract of C-surface is 
horizontal; ‘sb‘ is shear band foliation: ‘p’ is rounded feldspar porphyroclast. Medium grey. rectangular grains concentrated 
along the shear band foliation arc biotitc. Note that grains lying along shear hands arc no smaller than those in the 

surrounding rock. 
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Fig. 8. (a) High voltage clcctron micrograph of ultramylonitc sample PC-93, viewed at right angles to lineation and 
foliation. Biotitc grains are imaged as platelets. Note straight grain boundarica. Main foliation trends roughly wcst- 
northwest. (b) & (c) lattice images of biotitc grains in ultramylonitc sample PC-93a. Two orientations arc shown (see text 
for further explanation). (b) Representative stacking faults indicated by arrows. Spacing between lattice fringes is 1 nm. 
Note streaking in the diffraction pattern(s). (c) Diffraction pattern is enlarged to show doubling of reciprocal lattice points. 
Doubled points. (t), are caused by twinning. Twins (t) are imaged as broad bands of varying contrast. within which the finer 

I nm lattice fringes are visible. 
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quartz-rich domains and the direction of extension of 
fractured feldspar porphyroclasts. At least one bound- 
ary of a given micro-shear zone is usually sharp; at the 
other a mylonitic or magmatic foliation may curve 
towards the margin. (b) The thinnest micro-shear zones 
often have structureless interiors, composed of grey or 
black aphanitic, unfoliated material. Slickenside striae 
may be visible along the margins. This type generally 
exhibits very sharp borders that truncate the magmatic 
foliation in the granodiorite protolith. (c)The third, rare 
variety of micro-shear zone is an apparently continuous 
ductile shear zone (cf. Ramsay & Graham 1970, Ramsay 
1980); this type is usually less than a few millimeters 
wide. Where the sense of displacement along micro- 
shear zones has been determined, it is top-to-the- 
southwest, consistent with other sense-of-shear indi- 
cators throughout the Santa Rosa mylonite zone. The 
orientations of micro-shear zones, and foliations and 
lineations within micro-shear zones, are shown in Fig. 3. 

With the light microscope, the first two types of micro- 
shear zone exhibit sharp boundaries along which quartz 
and other minerals are abruptly truncated (Fig. 7a). 
Angular fragments of granodiorite, quartz and feldspars 
are often visible within the shear zones. The grain size of 
biotite within the bands is substantially reduced, so that 
individual grains are generally indistinguishable. These 
relations suggest cataclasis (microfracturing, movement 
along fractures, frictional grain-boundary sliding, and 
fragment rotation; cf. Paterson 1979, Knipe 1989). 
There is, however, some evidence for microscopically 
ductile deformation. Undulatory extinction in quartz is 
common, appearing locally to have preceded, but in 
most instances to have post-dated, cataclasis. This duc- 
tile overprint is more pronounced at structurally higher 
levels as the ultramylonite domain is approached, As 
deformation continues the material within the micro- 
shear zones develops into phyllonite, but the sharp 
boundary(ies) are maintained (compare Figs. 7a & b). 
These characteristics are reminiscent of shear zones 
developed experimentally through ductile deformation 
of pre-faulted aplite (Tullis et al. 1990). 

Within domain 1, the spatial density of micro-shear 
zones increases and the pods of granodiorite protolith 
between the micro-shear zones generally become pro- 
gressively more deformed structurally upward. Some 
micro-shear zones were folded during subsequent mylo- 
nitization (Fig. 6d), with fold axes parallel to the mylo- 
nite lineation. This structurally upward increase in 
deformation is not continuous, and macroscopically 
undeformed pods may be found in contact with the 
second structural domain, In general, however, macro- 
scopically undeformed rock is more common at lower 
structural levels and mylonitized rock is dominant as the 
contact with domain 2 is approached. 

Deformation within pods between micro-shear zones 
in domain 1 did not involve initial whole-rock cataclasis 
(Figs. 6c and 7b); instead, progressive reduction in grain 
size took place by mechanisms that varied from mineral 
to mineral. Observations of variably deformed rock 
within domain 1 indicate that mylonitization in these 

pods initiated with subgrain development during forma- 
tion of quartz ribbons. Plagioclase deformed by fractur- 
ing and dislocation glide, and recrystallization was 
driven by high dislocation densities (Ague 1988); undu- 
lose extinction is also common in feldspars. Zones of 
intracrystalline deformation in biotite became more 
extensive, extending into the grains from grain margins 
and resulting in an abrupt decrease in biotite grain size 
(Goodwin & Wenk 1990). During this deformation, 
mineralogical domains, visible in hand specimen and 
with the light microscope, developed. Minerals are 
segregated within these domains as follows: (1) quartz, 
(2) quartz and feldspar, (3) feldspar, (4) quartz, feldspar 
and biotite, and (5) biotite, locally with accessory 
amphibole, epidote and titanite. 

S- and C-surfaces were present at all stages of the 
deformation, developing simultaneously (Fig. 7b). S- 
surfaces are defined by the dimensional preferred orien- 
tation of quartz grains within quartz domains and by the 
long dimensions of biotite porphyroclasts. C-surfaces 
are parallel to the boundaries of mineralogical domains. 
As deformation progressed, the spacing between miner- 
alogical domains became smaller, the number and size 
of porphyroclasts decreased, and C-surfaces became 
increasingly dominant over S-surfaces (compare Figs. 
7b-e). The S-surfaces rotated toward the C-surfaces 
with increasing deformation. This sequence of develop- 
ment of mylonite and mylonitic fabrics from granodior- 
ite protolith is also recorded by protomylonite and 
mylonite in domain 3. 

Domain 2: phyllonite dominant 

The contact between the first and second structural 
domains is typically sharp. Both the micro-shear zones 
and relict magmatic foliation within domain 1 are bent 
into the base of domain 2, indicating that the foliation in 
domain 2 is the youngest structure. The sense of dis- 
placement recorded by this deflection of older structures 
is, again, top-to-the-southwest. Domain 2 is predomi- 
nantly phyllonite, locally including lenses and layers of 
protomylonite and mylonite. A single, regular, very well 
developed foliation and lineation is visible in the field 
(Fig. 3). The outcrop pattern of domain 2 has been 
simplified for Fig. 2; in the field it is seen to vary and to 
branch, in places forming discontinuous lenses or folds. 

The 3-12 m thick domain 2 is essentially continuous 
within the area indicated in Fig. 2. It has also been 
observed in a traverse across the northernmost part of 
the mylonite zone, just southwest of Palm Springs (refer 
to Fig. 1). Between the latter area and the questioned 
portion of the domain in Fig. 2 its existence has not been 
verified, but it appears probable that it continues 
throughout the mylonite zone. 

Petrographic observations indicate that feldspar por- 
phyroclasts in the phyllonite have rounded profiles and 
are generally not fractured (Fig. 7e); biotite porphyro- 
clasts are absent. Fractures generally are not observed in 
smaller feldspar porphyroclasts in mylonitized rocks 
throughout the zone, suggesting that the deformation 
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mechanisms in feldspars varied with grain size. Grain 
boundaries of all minerals in the phyllonite are generally 
straight and quartz and feldspar grains in the matrix are 
typically equant, suggesting recovery. Biotite seldom 
shows obvious signs of deformation (see later sections); 
typically, a few grains are gently bent. 

Quartz-rich mineralogical domains are locally present 
in phyllonite, parallel to C-surfaces, and decrease in 
number and thickness as porphyroclasts decrease in 
number and size. This general homogenization of the 
fabric of the rock is characteristic of phyllonite within 
the Santa Rosa mylonite zone. Where present, mineral- 
ogical domains may be folded, with fold axes parallel to 
the mylonitic lineation and axial planes parallel to the 
dominant composite S-C foliation. Macroscopic folds, 
sometimes in the layers and lenses of protomylonit~ and 
mylonite mentioned above, are also evident in domain 
2. These folds are similar in appearance to folds devel- 
oped within domain 1 (Fig. 6d). In addition to the 
composite S-C foliation, which is visible in outcrop, a 
well-developed shear band foliation is typical of the 
phyllonite (Fig. 7e). Biotite appears to be concentrated 
along the shear band foliation planes. Although evi- 
dence for early cataclasis has not been preserved in 
domain 2, the typicaily sharp boundaries to the domain, 
its locally branching character. and the presence of 
macroscopic folds in and within the domain all suggest 
that phytlonite in domain 2 had an origin similar to 
phyllonitc in domain 1, 

The contact between domains 2 and 3 may be sharp or 
may consist of phyllonite and mylonite intermixed over a 
third of a meter to a meter interval. Domain 3 comprises 
the buik of the mylonite zone and is predominantly 
mylonite with minor amounts of protomylonite, thin 
(-1-50 cm thick), laterally discontinuous phyllonite 
(Fig. 6e) and rare macl.oscopi~ally undeformed pods 
which are sometimes bounded by phylionite. Mappable 
undeformed pods and areas where phyllonite is rela- 
tively common have been delineated within domain 3 
(Fig. 2). We have certainly not mapped all of these 
heterogeneities, but our current map illustrates that they 
are widely distributed. The undeforn~ed pods range in 
size from roughly 2-200 m in longest dimension. They 
are typically more mafic than the surrounding rock, 
suggesting that more mafic plutonic material is rheologi- 
caliy more competent. The local presence of essentially 
undeformed pods, or lenses of ant~m~llousIy low strain, 
within the main part of the mylonite zone may therefore 
reflect compositional heterogeneities inherited from the 
protolith. Compositional variations are retained in the 
myionite in other ways as well. Folds in ~ompositionally 
distinct layers are common, and small microgranitoid 
enclaves are still recognizable despite deformation. 

C-surfaces, S-surfaces and shear band foliations (Figs. 
6e, 7c & d) indicate top-to-the-west displacement, as 
noted by previous workers (Erskine 1985. Simpson 
1984). Development of mylonite and foliations in mylo- 

nite occurred as described for deformation of pods 
between micro-shear zones in domain 1. Phyllonite 
layers and lenses are either parallel to or inclined at a 
small angle to the C-surfaces. At least one contact 
between a given phyllonite zone and the surrounding 
mylonite is typically sharp (Fig. 6e). Locally, thin (cm- 
scale) zones of phyllonite exhibit gradational contacts 
with the surrounding mylonite. 

Within the map area, the mylonite domain is trun- 
cated by the Palm Canyon fault, which dips gently to the 
northeast and separates the mylonitic plutonic rocks 
from the overlying mylonitized metasedimentary rocks 
of the Palm Canyon Complex (Fig. 2). To the north, the 
fault ramps upward from the contact between the grano- 
diorite and metasedimentary mylonites, which is 
demonstrably a modified intrusive contact, suggesting 
that displacement along the fault was modest. Beneath 
the Palm Canyon fault, the mylonite is brecciated and 
strongly chloritized. Minerals in fractures within the 
fault zone include calcite, laumontite and prehnite. The 
fault therefore is a brittle, post-mylonitic feature. Mylo- 
nitization and subsequent faulting took place during 
cooling of the batholith. and emplacement of the upper- 
most thrust sheets occurred at ca. 200°C (Goodwin & 
Renne 1991). 

DEVELOPMENT OF FABRIC WITH 
INCREASING STRAIN 

Regions of ph~ilonite mark zones of high strain in all 
three structural domains within the heterogeneously 
deformed Santa Rosa mylonite zone. We have demon- 
strated that phytlonite developed through ductile over- 
printing of cataclastic micro-shear zones in domain 1. It 
forms the bulk of domain 2 and is locally developed in 
domain 3. In total, phylionite composes approximately 
59’0 of the mylonite zone. 

Petrographic observations indicate that reduction in 
grain size occurs in two very different ways within the 
Santa Rosa mylonite zone. The first involves an initial 
abrupt decrease in grain size through cataclasis, fol- 
lowed by ductile deformation. Where it can be shown 
that phyllonite was produced in this way, following 
initial cataclasis in domain 1, it is characterized by sharp 
contacts with the surrounding rock. In domains 2 and 3, 
sharp boundaries are also typical of phyllonite (e.g. Figs. 
6d 6i e, 7a 6i b), suggesting that phyllonite formed 
everywhere through ductile flow following initial catac- 
tasis. The second way involves a progressive, rather than 
abrupt, reduction in grain size outside micro-shear zones 
by mechanisms that vary from mineral to mineral. As 
the grain size is reduced, the rock passes through the 
stages of protolnylonite (l&SO% matrix) and mylonite 
@O-90% matrix), which cannot happen if there is initial 
cataclasis (9~~1~% matrix observed in micro-shear 
zones in the Santa Rosa mylonite zone). Protomylonite 
and mylonite, which compose -94% of the mylonite 
zone, therefore can only be produced through this 
progressive reduction in grain size. 
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In a continuous ductile shear zone (cf. Burg 6t Laur- 
ent 1978), the boundaries between high-strain and low- 
strain regions of the shear zone are gradational (i.e. 
Ramsay & Graham 1970, Ramsay 1980), but grada- 
tional boundaries are rarely observed in the Santa Rosa 
mylonite zone. Sharp boundaries, or discontinuities, are 
produced in this case through initial whole-rock catacla- 
sis followed by ductile flow. 

As noted earlier, foliations in phyllonite of the Santa 
Rosa mylonite zone are distinctive. This point is further 
explored in the following sections, in which we present 
X-ray texture, TEM and high voltage electron micro- 
scope (HVEM) studies of biotite, the main foliation- 
forming phase. 

DEFORMATION OF BIOTITE IN PHYLLONITE 

Experimental procedures 

Hand samples were cut and thin sections were made at 
right angles to C-surfaces, and both parallel and perpen- 
dicular to a mineral lineation. TEM mounts made from 
these thin sections were therefore oriented with respect 
to macroscopic fabric coordinates, allowing features 
seen with the electron microscope to be correlated with 
field and petrographic relations. As biotite is the main 
foliation-forming mineral, biotite basal planes are 
oriented at a high angle to these TEM mounts. The (001) 
planes were therefore subnormal to the specimen sec- 
tion. TEM mounts of biotite were prepared by ion or 
atom bombardment, through which thin holes in the 
sample section were produced for viewing. The corre- 
lation between electron microscope and petrographic or 
field observations is simplified by the generation of 
HVEM ‘maps’ of holes of interest. The 1500 kV acceler- 
ation of the Kratos HVEM (National Center for Elec- 
tron Microscopy, Lawrence Berkeley Labs, California) 
provides more than five times the sample penetration of 
a standard 100 kV TEM. This allows one to work at very 
low magnifications-in this case 1000X magnification- 
and photograph relatively large areas. An enlargement 
of an HVEM photomicrograph is shown in Fig. 8(a) 
(compare with Fig. 7e). Biotite grains show strong 
contrast when they are oriented with (001) parallel to the 
electron beam. 

A 100 kV Siemens 102, equipped with a LaB, fila- 
ment, was used for lattice imaging. The study was 
facilitated by a top-entry, +45” double-tilt stage. All 
data were obtained viewing basal planes edge-on, i.e. 
with the electron beam parallel to (001). Phase contrast 
analysis was used for lattice imaging. An objective 
aperture was placed symmetrically about the transmit- 
ted beam to include (005) reflections. 

TEM and HVEM observations 

In general, biotite is distributed fairly evenly through- 
out regions of phyllonite (Fig. 7e). HVEM images (Fig. 
8a) indicate that larger biotite grains are often clustered; 
clusters are typically randomly distributed throughout 

the rock and are laterally discontinuous within the 
planes studied. The concentration of biotite grains along 
foliation surfaces, visible at a larger scale (Simpson 
1985, O’Brien et al. 1987; Fig. 7e), is only locally evident 
within the thicker regions of some TEM foils. Petro- 
graphic study of sample mounts, however, indicates that 
they encompass multiple S-C surfaces and shear bands. 
Biotite from all foliation surfaces exhibits similar fea- 
tures. In contrast to protomylonite and mylonite, in 
which intracrystalline folding and cataclasis of biotite is a 
major deformation mechanism (Goodwin & Wenk 
1990) and biotite ‘fish’ are common, biotite in phyllonite 
shows features which, cumulatively, suggest dynamic 
recrystallization. These include: (1) straight grain 
boundaries and sub- to euhedral grain shapes. (2) vir- 
tually no bending or kinking of grains and no intracrys- 
talline folding and cataclasis, (3) high densities of 
randomly spaced stacking faults, which are present only 
near regions of intracrystalline deformation in biotite 
from protomylonite and mylonite (Goodwin & Wenk 
1990), (4) small but consistent changes in the compo- 
sition of biotite accompanying deformation, and (5) 
elongation of biotite grains parallel to lineation. These 
observations are not consistent with cataclasis, and 
therefore record the modification of biotite microstruc- 
tures during ductile flow subsequent to cataclasis. While 
at least some of these features might be attributable to 
post-deformation annealing, there are two lines of evi- 
dence that suggest that this is not the case. First, it is 
difficult to see how either the average grain size of biotite 
in phyllonite-on the order of 5 pm-or biotite’s 
elongation parallel to the lineation could be maintained 
through annealing. Second, the record of cooling during 
deformation in the Santa Rosa mylonite zone (Goodwin 
& Renne 1991) is inconsistent with a re-heating event. 
We enlarge on these points in the following sections. 

Microprobe analyses of biotite document small but 
consistent compositional changes (a decrease in Ti and 
Ba and an increase in Ca) that accompany deformation, 
suggesting that biotite is recrystallizing as deformation 
progresses (Goodwin & Renne 1991). Recrystallization 
is consistent with the straight grain margins and rectan- 
gular shapes of biotite imaged by HVEM (Fig. 8a), the 
fact that only 5-6% of the grains investigated were bent 
or kinked, and the absence of evidence for intracrystal- 
line folding and cataclasis-none of which are consistent 
with initial cataclasis. A comparison of TEM obser- 
vations of biotite in phyllonite with TEM observations of 
biotite in mylonite (Goodwin & Wenk 1990) is also 
informative. Typical grains in both mylonite and phyllo- 
nite exhibit 1 nm lattice fringes (Figs. 8b & c), indicative 
of the most common, lM, polytype of biotite (cf. Smith 
& Yoder 1956). Irregularly spaced stacking faults (pla- 
nar defects across which the order of the crystal changes) 
are spatially associated with regions of intracrystalline 
folding and cataclasis in biotite porphyroclasts in mylo- 
nite, suggesting that intracrystalline slip accompanied 
folding and cataclasis (Goodwin & Wenk 1990). In 
contrast, high densities of irregularly spaced stacking 
faults are ubiquitous in biotite in phyllonite and produce 
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streaking in diffraction patterns (Fig. 8b). While a dif- 
fraction pattern is typically designated by the zone axis 
parallel to the electron beam (e.g. a Okt, hhe, or hhe 
reciprocal lattice net, following Bell & Wilson 1977), 
streaking is often so extensive in biotite in phyllonite 
that such a designation is not possible. In effect, the 
irregularly spaced stacking faults have resulted in ran- 
domly superimposed reciprocal lattice nets. There is no 
evidence for intracrystalline folding and cataclasis. 

Twins are developed only adjacent to regions of 
cataclasis in biotite porphyroclasts in mylonite, but are 
common in biotite in phyllonite. Twins are imaged as 
contrasting stripes, and are recorded by the doubling of 
reciprocal lattice points (Fig. SC). The diffraction pat- 
tern in Fig. S(c) is an hoe, h3h&, or h3hk net; twins may 
be either [110] axis, rotated -60” about c*, or [loo] axis, 
rotated 180” about c*. Twins and stacking faults may be 
growth features, and/or may be related to intracrystal- 
line slip. 

Preferred orientation of (001): polejigures 

The orientations of (001) planes of biotite in phyllo- 
nite were measured with an X-ray texture goniometer in 
transmission geometry using the method and data pro- 
cessing procedures described by O’Brien (1985). The 
results (Fig. 9a) are consistent with those of O’Brien et 
al. (1987). Pole figures show a strong preferred orien- 
tation of (001) planes, with a single asymmetric peak. 
Biotite flakes are, on average, inclined slightly toward 
the down-dip direction of the lineation, out of the plane 
of the composite S-Cfoliation. In sections at right angles 
to the lineation, biotite flakes exhibit a wide range of 
tilting with respect to the S-C foliation. 

The (001) pole figures of phyllosilicates may be used 
as sense-of-shear indicators (O’Brien et al. 1987), based 
on the premise that the pole figure asymmetry reflects 
the fabric asymmetry, as foliation planes are often 
defined by the preferred dimensional orientation of 
phyllosilicate grains. The (001) pole figures of biotite 
from the Santa Rosa mylonite zone exhibit a consistent 
sense of asymmetry with respect to macroscopic struc- 
tures (Fig. 9a; O’Brien et al. 1987). The asymmetry of 
these pole figures reflects the distribution of the biotite 
grains between the S-C foliation and shear bands (Fig. 
7e), and is consistent with top-to-the-southwest shear. 
Wenk & Pannetier (1990) observed that (110) + (020) 
pole figures from mylonite and phyllonite in the Santa 
Rosa mylonite zone have a maximum in the lineation 
direction. This could be due to an axial alignment within 
the basal plane (as the deconvolution of Helming et al. 
1994 suggests) or simply due to the spread of (001) poles 
on a great circle normal to the foliation. If the former is 
true, an axial alignment would indicate intracrystalline 
slip. Kronenberg etal. (1990) report that experimentally 
deformed biotite is measurably weaker in directions 
[loo] and [110] than in directions [OlO] and [310]. Dislo- 
cations are confined to the (001) plane, with Burgers 
vectors of 1/2<110> and <llO> (Kronenberg et al. 
1990, Christoffersen & Kronenberg 1993). If the latter 

applies then the orientation of biotite may be mainly due 
to the plate-like grain shape and grains may undergo 
rigid rotations. This is further investigated with HVEM 
observations in the following sections. 

Preferred orientation of (001): trace analysis 

Trace analysis of biotite grains in HVEM photomicro- 
graphs allows a more complete evaluation of (001) pole 
figures than is possible with petrographic observations. 
Very fine grains that are not visible with the optical 
microscope can be seen easily with the HVEM. The 
apparent length (1’) and apparent thickness, or c-axis 
dimension, (t’) of each grain is measured as shown in 
Fig. 9(b). The angle 13 between 1’ and the trace of the C- 
surface (marked on each oriented TEM mount and 
transferred to each HVEM map) is also determined. 
While a single TEM mount is just 3 mm in diameter, we 
suggest that these measurements are nonetheless signifi- 
cant since HVEM photomicrographs of other samples of 
phyllonite exhibit similar features, there is an excellent 
correlation between trace analyses and (001) pole fig- 
ures (Fig. 9; O’Brien et al. 1987), and the phyllonite is so 
fine-grained and homogeneous that this is a representa- 
tive sample size. The error associated with petrographic 
measurements of 1’ and t’ has been determined to be 
approximately ?5%, and 200 grains constitute a statisti- 
cally representative sample (Jones & Galwey 1972); we 
assume a similar error applies to the measurements 
reported here. 

Trace analyses of two sections through sample PC-93 
are compared to its (001) pole figure in Fig. 9. Section A 
was cut parallel to lineation and normal to the S-C 
foliation and section B was cut at right angles to both the 
lineation and the S-C foliation. Traces of these sections 
are plotted on the pole figure. The mean plate diameter 
of biotite grains is 3 pm (in general, the grain size of 
biotite in phyllonite samples from the Santa Rosa mylo- 
nite zone is on the order of 5 ,um). Histograms of the 
areas (1’ x t’ vs. 0) of different sizes of grains (Figs. 9c & 
d) illustrate several important points: (1) the distri- 
bution of the area of biotite grains with orientation 
reflects the symmetry of the pole figure (indicating that 
trace analyses have been made on a representative 
sample of grains), (2) although less numerous than the 
smaller grains, the larger grains have greater areas and 
therefore contribute greater intensities to the pole fig- 
ure, (3) the larger grains have a stronger preferred 
orientation than the smaller grains, and (4) grains are, 
on average, longer parallel to the lineation (PC-93a; Fig. 
SC) than at right angles to the lineation (PC-93b: Fig. 
9d). Comparison between the histograms and pole fig- 
ure also indicates that the error in 0 is as much as + 15”; 
this represents the accumulation of errors in transferring 
an orientation mark from a rock sample, to a thin 
section, to a TEM grid, and finally to a photo collage. 
The observations emphasized here, however, are not 
compromised by this error. 

Histograms showing the variation of aspect ratio 
(1 ‘/t ‘) with grain size indicate that aspect ratios increase 
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Fig. 9. Trace analyses of biotite in ultramy)lonite sample PC-93. (a) (Ml) pole figure, measured with an X-ray texture 
goniometer in transmission and plotted in lower hemisphere, equal-arca projection. Intensities are contoured in multiples 
of random distribution; the lowest contour is 1 .OO, below which the figure is shaded; higher contours are 3, 5, 7, etc. Pole 
figure shows the position of sections A-A’ and B-B’ with respect to macroscopic fabric coordinates and the measured 
texture. Composite S-C foliation is parallel to the plane of the paper and the lineation lies within the plane of the foliation 
with the down-dip direction to the left. (b) Explanation of measurements of I’, t’ and 19 are made. 8 is negative for 
counterclockwise rotations, positive for clockwise rotations. (c) & (d) Histograms of areas of grains of different sizes with 

respect to 0 determined from measurements along sections A-A’ and B-B’. respectively. 

with increasing grain size (Fig. 10). Also, the smaller the include: (1) biotite grains have a strong crystallographic 
grains, the smaller the variation in aspect ratios, As (and, therefore, dimensional) preferred orientation; 
biotite grains increase in size, both the average aspect larger grains exhibit less variation in orientation than 
ratios and the variation in aspect ratios increase. smaller grains. (2) Aspect ratios of grains of different 

In summary, observations of biotite in phyllonite sizes suggest that biotite grains are initially approxi- 
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Fig. 10. Histograms of the same sections shown in Fig. 9, illustrating the number of grains of different sizes that have given 
aspect ratios. Note the similarity of the diagram parallel to lineation (PC-93a) and that at right angles to lineation (PC-93b). 

mately the same size and shape in any section at right 
angles to the foliation. With increasing grain size, the 
aspect ratios increase; in other works, grain growth 
parallel to the basal planes is favored. (3) Biotite grains 
are elongate, and larger, in the direction of the lineation. 
If (110) poles are preferentially aligned parallel to the 
lineation (Helming etal. 1994), then grains are elongate 
parallel to [llO]. (4) Biotite exhibits no bending, kink- 
ing, or intracrystalline folding and cataclasis, but stack- 
ing faults and twins are common. (5) Biotite exhibits 
straight grain boundaries and sub- to euhedral crystal 
shapes. (6) Small but consistent changes in composition 
of biotite accompanied deformation (Goodwin & Renne 
1991). Large grains may be more strongly oriented than 
small grains because growth of biotite flakes that lie 
parallel to the C-surfaces is favored, because grains are 
rotating into the plane of the C-surfaces as they grow, or 
both. Some preferred orientation of even the smallest 
grains suggests that mechanical rotation probably 
accommodated some of the deformation. The presence 
of irregularly spaced stacking faults and twins, as well as 
the alignment of (110) poles parallel to lineation (Wenk 
& Pannetier 1990, Helming et al. 1994), suggests that 
intracrystalhne slip is occurring. Collectively, these ob- 
servations suggest that dynamic recrystallization, favor- 
ing growth of biotite grains parallel to the lineation, 

accommodated deformation in concert with intracrystal- 
line slip and mechanical rotation. 

DISCUSSION 

An obvious question that arises from the observations 
reported here is: why would initial deformation in the 
Santa Rosa mylonite zone, which took place at a rela- 
tively high temperature, occur by localized cataclasis? 
We speculate that the rheologically strong granodiorite 
protolith was unable to accommodate regionally 
imposed stresses through macroscopically ductile flow 
throughout the Santa Rosa mylonite zone, and therefore 
failed along narrow zones of cataclasis. Cataclasite, 
formed within micro-shear zones and within areas that 
are now phyllonite, records deformation within zones 
much narrower than the present extent of the Santa 
Rosa mylonite zone. Cataclastic failure within such thin 
zones suggests higher strain rates than could be accom- 
modated through ductile flow over a wider zone. 
Cataclasis therefore might allow a higher regional dis- 
placement rate than could be accomplished by macro- 
scopically ductile flow, and/or could simply be the most 
efficient mechanism by which the zone could accommo- 
date imposed stresses. 
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In addition to relieving stress, cataclastic failure 
created fine-grained regions that might be expected to 
be rheologically weaker than the granodiorite protolith. 
Not only was the grain size significantly reduced-the 
original rock fabric was destroyed, resulting in a more 
homogeneous distribution of phases in the rock. The 
more random distribution of phases could inhibit the 
growth to equilibrium grain size (Twiss 1977) of the 
individual mineral constituents, effectively stabilizing 
this fine grain size. Etheridge & Wilkie (1979) point out 
that very small, non-equilibrium grain sizes may be 
maintained during dynamic recrystallization in a multi- 
phase rock, where the growth to equilibrium grain size 
of the mineral of interest is inhibited by another phase. 
A more random distribution of different phases will also 
accelerate strain because of the enhanced diffusivity 
between unlike phases (Etheridge & Wilkie 1979). 

This grain-size reduction and stabilization was accom- 
panied by development of a strong fabric that is distinct 
from that in the less deformed mylonite or protomylo- 
nite. In order to evaluate the potential influence of 
grain-size reduction on fabric development, previously 
documented evidence for deformation mechanisms op- 
erating in major minerals other than biotite should be 
considered. As indicated earlier, quartz and feldspar 
grains in phyllonite are typically equant, with straight 
grain boundaries. Crystallographic preferred orien- 
tations of plagioclase are weak in the granodiorite mylo- 
nite; however, they become stronger in the phyllonite 
(Wenk & Pannetier 1990). There is no evidence to 
suggest whether the development of a crystallographic 
preferred orientation in plagioclase at high strains 
occurred through recrystallization or intracrystalline 
slip. There is a strong crystallographic preferred orien- 
tation present in quartz in granodiorite mylonite from 
the Santa Rosa mylonite zone (Erskine & Wenk 1985, 
Wenk & Pannetier 1990). This preferred orientation is 
not present in phyllonite. This suggests that intracrystal- 
line slip may be succeeded or dominated by mechanisms 
such as grain-boundary sliding once the grain size of 
quartz is reduced in phyllonite. Grain-boundary sliding 
may be accommodated by dislocation glide and climb 
throughout the deforming grains, through dislocation 
glide and climb along grain boundaries and within the 
grain mantle, or through grain-boundary diffusion (Gif- 
kins 1976). The latter two accommodation mechanisms 
are not expected to result in good crystallographic pre- 
ferred orientations. In fact, grain-boundary sliding gen- 
erally results in little to no crystallographic preferred 
orientation (e.g. Boullier & Guegen 1975, Behrmann & 
Mainprice 1987) and grains are typically equant, rather 
than elongate parallel to fabric elements. In summary, 
there is good evidence that quartz is accommodating 
deformation dominantly through grain-boundary 
sliding, though other deformation mechanisms are 
dominant in biotite and plagioclase. 

Phyllonite in the Santa Rosa mylonite zone developed 
a strong fabric distinct from that in less deformed mylo- 
nite or protomylonite. Specifically. S- and C-surfaces are 
virtually parallel and shear bands are pervasive at the 
SG ,,:-A 

microscopic scale in phyllonite (Fig. 7e). The former 
may be attributed to high strain; the latter is more 
unusual and less easily explained. It is interesting that 
the reduction in grain size along shear bands which has 
been described elsewhere (Gapais & White 1982) is 
absent in the Santa Rosa mylonite zone. As noted 
earlier, no alignment of biotite along specific foliation 
planes can be distinguished in the very thin samples 
examined with the electron microscope. Biotite in all 
areas of the samples examined exhibited similar micro- 
structures, and showed the same trends as outlined by 
trace analyses. This leads us to suggest a link between 
the dominant deformation mechanisms and the charac- 
ter of the fabric that develops. In this case, the combi- 
nation of dominant grain-boundary sliding in quartz, 
dynamic recrystallization and/or intracrystalline slip in 
plagioclase, and dynamic recrystallization in concert 
with intracrystalline slip and mechanical rotation of 
biotite may facilitate formation of small-scale shear 
bands, and accommodate strain within shear bands 
without further reduction in grain size. 

SUMMARY AND CONCLUSIONS 

Using the definition of Burg & Laurent (1978), the 
Santa Rosa mylonite zone is a discontinuous ductile 
shear zone: a continuous increase in shear strain from 
the shear zone boundary to its center (cf. Ramsay & 
Graham 1970, Ramsay 1980) is lacking. The consistent 
orientations of structures and the consistent sense-of- 
shear indicators recorded in all three structural domains 
suggest that all of the post-intrusion structures described 
herein developed during a single deformational episode. 
Strain was heterogeneous in space, as indicated by: (1) 
the presence of three distinct structural domains, (2) the 
position of the domain of highest strain near the lower 
boundary of the mylonite zone, and (3) the presence of 
macroscopically undeformed pods and phyllonite dis- 
tributed irregularly throughout the first and third struc- 
tural domains. Strain was also heterogeneous over time, 
as shown by the development of phyllonite following 
early cataclasis, as well as by the late stage brittle 
faulting. These observations are not surprising in that 
spatial and temporal heterogeneity is to be expected 
with flow in natural materials (Jiang 1994a,b, Jiang & 
White 1994). 

Deformation in the Santa Rosa mylonite zone was 
isochemical and mineralogical changes during defor- 
mation were minor (plagioclase generally became more 
sodic and epidote developed as an accessory phase). 
Evidence for extensive fluid flow is absent. Reaction 
softening can therefore be eliminated as a possible 
mechanism for localizing strain within zones of phyllo- 
nite. Instead, micro-shear zones in which the grain size 
was reduced through whole-rock cataclasis served to 
localize subsequent ductile strain. Evidence of cataclasis 
is preserved in zones of phyllonite in the form of sharp 
boundaries with the surrounding rock, reminiscent of 
those produced experimentally through ductile flow 
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following faulting of aplite and albite rock (Tullis et al. Christoffersen, R. & Kronenberg, A. K. 1993. Dislocation inter- 

1990). Phyllonite therefore developed without the alter- 
actions in experimentally deformed biotite. J. Slruct. Geol. 15, 
1077-1095. 

ation of original mineral assemblages typically associ- Dokka, R. K. 1984. Fission-track geochronologic evidence for Late 

ated with retrogression-a process of formation that has Cretaceous mylonitization and early Paleocene uplift of the north- 

not previously been documented, but is entirely consist- 
eastern Peninsular Ranges, California. Geophys. Res. Left. 11,46- 
49. 

ent with the definition of phyllonite as stated by Sander Erskine, B. G. 1985. Mylonitic deformation and associated low-angle 

(1911) and Knopf (1931). faulting in the Santa Rosa mylonite zone, southern California. 

Phyllonite development through ductile deformation 
Unpublished Ph.D. thesis, University of California, Berkeley, Cali- 
fornia. 

of micro-shear zones was accompanied by ductile defor- Erskine, B. G. 1986a. Metamorphic and deformation history of the 
mation of areas between the micro-shear zones. The eastern Peninsular Ranges mylonite zone: Implications on tectonic 

bulk of the mylonite zone did not experience whole rock reconstructions of southern California. Geol. Sot. Am Abs. w. 

cataclasis. Deformation in these areas took place by a 
Prog. 18, 105. 

Erskine, B. G. 1986b. Syn-tectonic granitic intrusion and mylonitic 
gradual reduction in grain size. Deformation within the deformation along the eastern margin of the northern Peninsular 

Santa Rosa mylonite zone therefore occurred by two Ranges batholith southern California. Geol. Sot. Am. Abs. w. 

routes: (1) granodiorite + cataclasite + phyllonite; and 
Prog. 18,105. 

Erskine, B. G. & Wenk, H.-R. 1985. Evidence for late Cretaceous 
(2) granodiorite + protomylonite -+ mylonite. crustal thinning in the Santa Rosa mylonite zone, southern Califor- 

Biotite in phyllonite, with an average plate diameter nia. Geology 13, 274-277. 

of 3,um, accommodated strain by dynamic recrystalliza- 
Etheridge, M. A. & Wilkie, J. C. 1979. Grain size reduction, grain 

boundary sliding and the flow strength of mvlonites. Tecfonophysics 
tion in concert with intracrvstalline slio and mechanical 58, 159-178. 

i 1 

rotation. Through these processes, a strong crystallo- Gapais, D. & White, S. H. 1982. Ductile shear bands in a naturally 

graphic preferred orientation is developed. The distinc- 
deformed quartzite. Textures and Microstuctures 5, l-17. 

tive foliations in phyllonite of the Santa Rosa mvlonite 
Gifkins, R. C. 1976. The effect of grain size and stress upon grain- 

boundary sliding. Trans. Metall. A SA, 1507-1516. 

zone lead us to suggest that the character of foliations is 
linked to the main deformation mechanisms by which 
the mineral constituents of a rock accommodate strain. 
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