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AbstractÐAn analysis of xenoliths in granodiorite and mylonites of the Peninsular Ranges batholith in
southern California documents large deformation with Von Mises equivalent strains ranging from 1 to 4.
From the geometry of xenoliths in mylonites it is concluded that much of the deformation occurred by ¯atten-
ing. If deformation had been homogeneous, the 800 m thick mylonite sequence would have extended originally
over more than 10 km. Contrary to xenoliths associated with ballooning diapirs, these in Santa Rosa mylo-
nites show much larger strains and are elongated in the lineation direction. It is proposed that the overall de-
formation pattern is consistent with a top to the west shear displacement, but most of the strain in the Santa
Rosa mylonites was produced in ¯attening, during emplacement of the partially solidi®ed batholith. The large
deformation may have produced folds that have coalesced with the foliation to accommodate the strain. #
1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

Mylonites have received a lot of attention in recent
years, in part sparked by a Penrose Conference (Tullis
et al., 1982) with a ®eld trip to mylonites in the
Peninsular Ranges of southern California. Since then
the Santa Rosa mylonite zone south of Palm Springs
has become a classical site to study highly deformed
rocks, both in the ®eld and in the laboratory.
Simpson and Schmid (1983) and Simpson (1984)

described excellent examples of S±C microstructures
with consistent asymmetric augen structures and press-
ure shadows in this region that are clear signs of shear
deformation. This supported earlier conclusions based
on ®eld studies (Sharp, 1967, 1979), introducing mylo-
nites as part of a ``Zone of Shear'' as it is known on
the California geological map (Rogers, 1965). These
highly deformed granitic rocks and marbles have pro-
vided much suitable material to investigate microscopic
deformation mechanisms (e.g. Goodwin and Wenk,
1995) and the development of crystallographic pre-
ferred orientation (e.g. O'Brien et al., 1987; Wenk and
Pannetier, 1990). A lot of information was accumu-
lated about ductile deformation at conditions of
amphibolite facies metamorphism of these rocks.
While attention focused on the extreme degree of de-
formation and the large regional extent of highly
deformed rocks, the question of total strain was never
explored. Furthermore it has not been established how
much simple shear has contributed to the overall de-
formation of these granitic mylonites. These two topics
are the subject of the present study: What is the ®nite
strain in this large mylonite zone, over 1 km wide and
extending over more than 100 km? The detailed obser-
vations refer to rocks in the Palm Canyon region
south of Palm Springs, but conclusions are likely to

apply to a larger portion of the mylonite zone, as well
as to many mylonitic rocks which display similar
microstructures.

The aim is to evaluate strain from a statistical inves-
tigation of the shape of xenoliths (also known as
enclaves, e.g. Didier and Barbarin, 1991) in highly
deformed granitic rocks. A three-dimensional study is
possible due to excellent outcrops in the deeply eroded
canyons. The data were collected over several years
during ®eld trips by the author and students, and
should represent an unbiased collection.

GEOLOGICAL BACKGROUND

Figure 1 displays a simpli®ed geological map, and
Fig. 2 a cross section of the area of interest. On the
eastern edge of the Peninsular Ranges batholith, highly
deformed rocks occur in a more or less continuous
zone between Palm Springs (where the zone is trun-
cated by the San Andreas fault), and Clark Valley
(northeast of Borrego Springs) (where it is truncated
by the San Jacinto fault) and may, after o�set, con-
tinue as the Borrego Springs mylonite zone (Simpson,
1984). On Fig. 1 a few topographic reference points
are indicated for orientation, as are sampling localities.
Some local topographic names, which are not indi-
cated on the map, are used in the text to help those
readers who may wish to visit some of the localities.
These names are readily available on U.S. Geological
Survey topographic 7.5-minute quandrangles Palm
View Peak, Rancho Mirage, Butter¯y Peak, Toro Peak
and Martinez Mtn.

Starting in the west and at the geologically lowest
level (Fig. 2), the relatively undeformed eastern
Peninsular Ranges batholith consists of several distinct
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intrusions, all of granodioritic composition (e.g. Ague
and Brimhall, 1988) and Cretaceous age (97 Ma U±Pb
age of zircons for the San Jacinto Mtn. Pluton, Hill
and Silver, 1980). These batholitic rocks are in contact
with roof pendants in the western part. To the east
(western slope of Palm Canyon) the batholith is over-
lain by a 700±900 m thick sequence of mylonites of
similar composition to the protolith and a similar
igneous age (97 Ma U±Pb, B. Nelson and L.
Ratschbacher, unpublished). These strongly foliated
rocks are distinct in the ®eld (Fig. 3).
During mylonitization a very regular E-plunging

lineation and an E-dipping foliation developed, micro-
scopically expressed in preferred orientation of biotite
and quartz (Wenk and Pannetier, 1990) and formed
during dislocation creep and dynamic recrystallization,
with grainsize reduction of quartz and mica (Goodwin
and Wenk, 1995). The degree of deformation is vari-
able: an undeformed protolith with moderate defor-
mation features, such as undulatory extinction in
quartz, transforms rather abruptly into mylonites, and
locally into ultramylonites and phyllonites. The latter
two are extremely ®ne grained rocks, resembling ¯int
and slate, but with the same overall chemical and

mineralogical composition as the protolith (O'Brien et
al., 1987). The relatively sharp transition from proto-
lith to mylonite can be mapped in the ®eld and is
shown on the map (Fig. 1). Equally, ultramylonites
and phyllonites form well-de®ned zones, ranging from
2 cm in thickness to 20 m. They are most common in
upper Palm Canyon (near highway 74, between lo-
calities S2 and S3) and the southern extension where
the mylonite zone is narrowest (between localities S4
and S5).

The granodioritic mylonites are overlain by meta-
morphic rocks of the Palm Canyon Formation. These
are in ordinary igneous contact with the batholitic
rocks in the northern part (near locality N1 at
Hermit's Bench at the bottom of Palm Canyon, south
of Palm Springs). In most places the contact is not
exposed, in some places it appears as a fault with sub-
stantial hydrothermal alteration, and in some areas the
Palm Canyon formation. is separated from the grano-
dioritic mylonites by an intruded porphyritic tonalite
(Fig. 2). The metamorphic rocks have various litholo-
gies: pelitic and leucocratic gneisses (with granulitic
texture), migmatites, amphibolites (characteristically
with oxyhornblende), pyroxenites, calcsilicates (with

Fig. 1. Generalized geological map of Palm Canyon and adjacent areas in southern California (modi®ed from Erskine
and Wenk, 1985). Some lineations and foliations are indicated. Also shown are sampling localities (compare with

Table 1).
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forsterite, diopside and scapolite) and marbles. The

metamorphic grade is upper amphibolite facies as

established by index minerals such as sillimanite and

cordierite in pelitic schists, forsterite in marbles, and

orthopyroxene and spinel in amphibolites.

Deformation of the Palm Canyon formation is very

heterogeneous. For example carbonate rocks may exist

as coarse marble or as ®ne-grained ultramylonites.

These calcite ultramylonites could be mistaken in the

®eld for unmetamorphosed limestones, were it not for

calcsilicate clasts of forsterite and diopside, document-

ing a metamorphic origin. As in the underlying mylo-

nites, shear indicators such as asymmetric tails around

porphyroclasts on a microscopic scale, and shear

bands on a macroscopic scale, are consistent with a

top-to-the-west movement. Lineations in the Palm

Canyon formation are parallel to those in the under-

lying mylonites, suggesting that they were deformed at

the same time. Migmatites in the Palm Canyon for-

mation and its southern extension (towards Sheep and

Martinez Mountains) are often mylonitic. A U±Pb age

of zircons in migmatites of 110 Ma (Nelson and

Ratschbacher, unpublished) indicates that the meta-

morphism is of a similar age as the batholitic intru-

sions (inheriting some old components), rather than an

older event. Occasionally folding is observed and the

fold axes are always parallel to the lineation. In the

upper (and south eastern) part of the Palm Canyon

formation deformation of migmatites is more brittle,

with an extensive zone of pseudotachylites (Wenk and

Pearson, in preparation). The cataclastic rocks are best

exposed in Deep Canyon and southwest of Palm

Desert.

The Palm Canyon formation and associated rocks

are overlain by the Asbestos Mountain granodiorite of

tonalitic composition (U±Pb age of 87 Ma, Nelson

and Ratschbacher, unpublished). The structure of

Asbestos Mountain tonalite is reminiscent of a gently

Fig. 2. E±W cross section through the Santa Rosa mylonite zone in central Palm Canyon. No vertical exaggeration.

Fig. 3. View from the western slope of Palm Canyon towards Santa Rosa Mountain in the background. In the fore-
ground are strongly foliated mylonites, on the eastern slope of Palm Canyon (left) are metamorphic rocks of the Palm

Canyon Formation.
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inclined sheet with roots north and south of Palm
Desert. The igneous contact with the underlying Palm
Canyon formation is characterized by skarns. Asbestos
Mountain tonalite is undeformed with igneous micro-
structures.
Goodwin and Renne (1991) used K±Ar cooling ages

of cataclastic biotite to place the onset of mylonitic de-
formation at 89 Ma. Cecil (1990) determined 40Ar/39Ar
ages of biotite and hornblende by thermal release to
®nd that the cooling path of Palm Canyon metamorphic
rocks is intermediate between that of Peninsular Ranges
granodiorite and Asbestos Mtn. tonalite. The youngest
ages of 64 Ma, post-dating deformation, are ®ssion
track dates of zircon, sphene and apatite (Dokka, 1984).
From the geochronological studies it is clear that the
high-grade metamorphism is related to the Cenozoic
plutonic activity and that deformation started with the
emplacement of the batholithic rocks and extended into
the cooling period. Initially deformation was ductile
and later became increasingly brittle, as evidenced by
ductile±brittle faults, cataclasites and pseudotachylites.
The exact timing and duration of the mylonitic defor-
mation is still unknown.

STRAIN ANALYSIS

The Peninsular Ranges granodioritic rocks are
chemically and structurally fairly homogeneous; how-
ever, they do represent di�erent intrusions. The main
constituent minerals are plagioclase, quartz, biotite,
orthoclase and some hornblende. Locally they contain
swarms of enclaves that are of similar composition,
although enriched in biotite and hornblende.

Mechanical properties of inclusions and matrix are
similar and, based on aspect ratios of grains such as
quartz, deformation appears to be uniform. As will be
shown, these xenoliths are (statistically) more or less
equiaxed in undeformed granodiorite (Fig. 4) and
attain a highly ellipsoidal shape in mylonites (Fig. 5).
By measuring the shape of xenoliths one can get infor-
mation about the total deformation and and put some
constraints on the deformation history. This method
has been used to investigate deformation during pluton
emplacement (e.g. Hutton, 1982; Ramsay, 1989;
Tobisch et al., 1993). Almost all these analyses
reported two-dimensional data, assuming that xeno-
liths are axially symmetric (pancake shape).

During homogeneous deformation, a sphere changes
its shape into an ellipsoid. Since there is no signi®cant
porosity in these rocks, it is safe to assume that the
volume is preserved. Assuming that the original shape
is a sphere, the shape (axes lengths) and orientation of
a strain ellipsoid can be obtained by an in®nite num-
ber of di�erent deformation paths. However, if one
assumes uniform deformation, the total strain and
some aspects of the strain history can be interpreted
from the shape.

Structural geologists have re®ned the methodology
to estimate strain from observations on enclaves in
igneous rocks. Considerable e�ort was invested in
determining the relationship between the original
shape distribution of inclusions, and that after defor-
mation (e.g. Hutton, 1982). The Rf/f method proposed
by Ramsay (1967, pp. 202±211) and advanced by Lisle
(1985) is an elegant approach for moderately deformed
rocks. The deviation from ideally ellipsoidal shape has
an in¯uence on the ®nal shape, as demonstrated by

Fig. 4. More or less equiaxed xenoliths with random orientation in undeformed plutonic rocks at Spring Crest (locality
G1). Hammer handle is 50 cm.
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Treagus et al. (1996) with a ®nite element analysis. For

the cases described here both these re®nements are not

considered very relevant. At the high deformations in

the mylonites of Palm Canyon all major axes of in-
clusions have become subparallel to mesoscopic fabric

coordinates (long axis parallel to the lineation, and

short axis normal to the foliation). Even though the

highly deformed inclusions may not be ideal ellipsoids,

the determination of axis lengths in the ®eld, and a stat-
istical analysis of aspect ratio distributions, seems most

appropriate to obtain a strain estimate in these rocks.

As a measure of the total strain Von Mises equiva-

lent strain eeq for coaxial deformation is used. This is a
convenient measure, used in engineering, to compare

experimental stress±strain curves for di�erent strain

histories and is universally applied in polycrystal plas-

ticity simulations

eeq � p�2=3�e21 � e22 � e23�� �1�
where e1=ln a/ d, e2=ln b/d and e3=ln c/d, with d the

diameter of the original sphere and a, b, c the axial
lengths of the ellipsoid. The diameter of the sphere can

be obtained from the ellipsoid axes, assuming that the

volume remains constant

d � �abc�1=3: �2�
Figure 6 shows, for ¯attening (e1=e2) and plane strain

(e2=0), a/c ellipsoid sections for equivalent strains of
0, 0.5, 1 and 2 and provides some indication of the

degree of deformation. As will be demonstrated below,

most xenoliths in Santa Rosa mylonites have equiva-

lent strains >2.

For analyzing simple strain histories a Flinn dia-

gram, representing ratios of axes lengths, is useful

(Fig. 7) (Flinn, 1962 and discussion in Ramsay and

Huber, 1983, p. 172). Since ratios are used, this rep-

resentation corrects for absolute size. Assuming that

arbrc, a sphere plots at coordinates 1:1. If a sphere

deforms in constriction to a prolate shape (b = c), it

plots along the ordinate (b/c= 1) with increasing

values for increasing deformation. In ¯attening (a = b)

data plot along the abscissa (a/b = 1). A special case

is the diagonal in a Flinn diagram with a/b= b/c. This

represents deformation in plane strain. Plane strain is

the geometry during simple folding or shearing and is

thought to be geologically most important. The dis-

tance of a data point from the origin (1:1) is indicative

of the overall deformation. In the literature often log-

arithmic ratios are used, enforcing the condition

arbrc. In this application direct ratios are more

appropriate since a, b and c are de®ned with respect to

mesoscopic fabric coordinates and ratios may be smal-

Fig. 5. Strongly deformed xenoliths in mylonite at Dry Wash (locality N2).

Fig. 6. Two-dimensional representation of the deformation of a
sphere into an ellipsoid for Von Mises equivalent strains of 0.5, 1
and 2, shown as a±c ellipse sections for axial compression (¯attening)

(top) compared to plane strain (bottom).

Deformation of mylonites in Palm Canyon, California, based on xenolith geometry 563



ler than 1 for a few cases where the original shapes are
not spherical.
If all three principal xenolith axes can be measured

in the ®eld, the analysis is straightforward. In many
cases one is restricted to two-dimensional outcrops
and can only measure two axes. In this case average
values for a/b and b/c ratios can be obtained,
measured on two faces, and the averages represented
on the Flinn diagram. Even for homogeneous defor-
mation one expects some scatter for an individual
outcrop because initial xenoliths are not ideal spheres.
It is therefore necessary to sample a statistically
representative number. A minimum of 15 xenoliths
(®ve with all axes measured) was collected at each lo-
cality. The raw measurements are shown in Figs 8±
11. Average ratios were obtained by least squares
(Table 1 and Fig. 12). The in¯uence of the initial
xenolith shape is more important for weak than for
strong deformation.
Dimensions were measured at 12 locations, indicated

in Fig. 1. Two of those are xenolith swarms in unde-
formed protolith, the rest are swarms in granite mylo-
nite. In the representation the data are divided into
undeformed protolith (G1 and G2), the northern zone
that is representative of the large, impressive N±S
trending mylonites in Palm Canyon (N1±N5), and the
southern zone (Upper Palm Canyon and extending
south of highway 74) that is associated with a bend in
the contact and phyllonites (S1±S5). In this southern
zone, deformation is locally extreme and less homo-
geneous than in the northern zone.

RESULTS

Overall dimensions of 567 xenoliths were analyzed
in mylonites. In 151 of those all three axes could be
measured. Table 1 summarizes these data. Original
xenolith sizes show some spread. The largest that was
measured has a diameter of 40 cm, the smallest of
3 cm, but most range between 5 and 15 cm and the
average diameter of 151 xenoliths for which all three
axes could be measured is 10.3 cm. There is no signi®-
cant variation in sizes between localities, and no corre-
lation of size with deformation.

At most localities the deformation is intense, with
equivalent strains clustering between 1.5 and 3 and the
largest strain of 4.5. Strains in the southern part are
lower than in the north. A section from xenoliths near
the undeformed protolith at Bull's Eye (N5: 1.1) to
Indian Portrero (N4: 1.6) and to mylonites in Palm
Canyon (N3: 3.3) documents an increase in defor-
mation approaching the contact with the Palm Canyon
Formation Data for xenolith dimensions are rep-
resented in Figs 8±12.

Protolith

Xenoliths in the protolith were measured at two lo-
calities. These xenoliths are generally angular and devi-
ate from an ellipsoidal shape. Therefore it is di�cult
to assign principal axes. In a road cut at Spring Crest
(G1, Fig. 4) simply horizontal and vertical dimensions
of xenoliths were measured on a vertical face. There is
a wide distribution of sizes and also a distribution in
shapes (Fig. 8). Overall there is a slight tendency for
the horizontal direction to be longer (5:4).

A second outcrop is along Palm Canyon Drive near
Asbestos Mtn. The outcrop surface is irregular. In this
case large (a) and small axes (b) of individual xenoliths
were measured, irrespective of their orientation. The
distribution is similar as before, except that, naturally,
a>b.

There are many other locations where qualitatively
similar patterns are observed. Good outcrops exist
along the Mt. San Jacinto trail. In general, xenolith

Fig. 7. Schematic Flinn diagram illustrating regions of prolate strain,
plane strain and oblate (¯attening) strain as function of aspect ratios.
In the case of xenoliths in this study a is parallel to the lineation and
c normal to the foliation. The condition a>b>c does not apply to

all individual xenolith measurements.

Fig. 8. Dimensions of xenoliths observed at two localities of unde-
formed plutonic rocks.
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swarms in the protolith display a distribution in aspect

ratios ranging from 1:1 to 1:4 but are irregularly

oriented so that the average is close to a sphere.

Individual xenoliths deviate and do not have an ideal

ellipsoidal shape.

Northern area

In the mylonitic granites with clearly developed

lineation and foliation, a is de®ned as the length paral-

lel to the lineation and c that normal to the foliation.

Fig. 9. Dimensions (axis lengths and ratios) of xenoliths at ®ve localities of the northern study area. Dashed diagonal
lines indicate the a= b, a= c or b = c loci, the solid diagonal line the a/b = b/c locus (plane strain). The ®rst three col-
umns contain data for all xenoliths which were measured, the Flinn diagrams in the last column only have data for xeno-

liths where all three dimensions could be measured.

Deformation of mylonites in Palm Canyon, California, based on xenolith geometry 565



Therefore the condition a>b>c does not necessarily

hold for individual xenoliths. In the northern area, a is

generally larger than b and, except for N5; a and b are

always much larger than c (Table 1 and Fig. 9). This is

ampli®ed in the Flinn diagram for xenoliths on which

all three dimensions could be determined: all xenoliths

plot in the ®eld of ¯attening (the line of plane strain is

indicated). Particularly for N1±N3 which are represen-

tative of the extensive Palm Canyon suite of mylonites,

deformation is very large and the strain is almost pure

¯attening. Apart from one xenolith in N5, a/b never

exceeds b/c. Outcrop N2 at the end of a dry wash in

Palm Canyon is a classical locality that documents the

extreme deformation on three-dimensional polished

outcrops (Fig. 5). It also illustrates the coincidence of

the ¯attened xenoliths with the plane of foliation. The

Fig. 10. Dimensions of xenoliths at ®ve localities of the southern study area. See caption to Fig. 9.
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oblate xenoliths are slightly elongated along the linea-
tion (a>b), except for the Bull's Eye locality near the
contact with nearly circular cross sections (a = b).
Outcrops N4 and N5 are near the contact with the
undeformed protolith and the strain is lower, yet the
pattern very similar. Judging from the xenolith shapes
along this traverse, strain increases from the protolith
towards the contact with the Palm Canyon Fm. (N5,
N4 and N3).

Southern area

In the southern area, close to the structural bend,
the pattern is a bit di�erent (Fig.10). There is a larger
di�erence between a and b (always a>b, i.e. all xeno-
liths are elongated parallel to the lineation) and
a,b>c, except for two odd cases, but the di�erence is
smaller than in the northern area. The average strain
is lower than for localities N1±N3 but, as the Flinn
diagrams illustrate, for S1 and S2 (in upper Palm
Canyon) deformation is still by ¯attening. For the
southern localities S3±S5 deformation is closer to
plane strain, particularly for more highly deformed
xenoliths. All of these localities are within 100 m of
the contact with undeformed protolith. In this
southern area the mylonite zone is narrow and mylo-
nites grade rapidly into phyllonites. In the phyllonites
xenoliths could no longer be identi®ed.
Two additional ®gures summarize the results. One

gives the distributions for all 567 xenoliths (151 for the

Flinn diagram), irrespective of location (Fig. 11), and
illustrates a dominant tendency for ¯attening. This dia-
gram is somewhat biased because more xenoliths were
measured in the southern area (Table 1). Figure 12
summarizes a/b and b/c averages for each locality,
based on all xenoliths, not just those where all three
axes could be determined. By least squares the mean
axis ratios from all axis measurements in a particular
section were determined and these averages are then
represented in a Flinn diagram. Corresponding nu-
merical data are also listed in Table 1. The picture
established in Figs 9±11 is con®rmed: typical mylonites
(N1±N3) are strongly deformed in ¯attening. Near the
contact with the undeformed protolith (N4±N5 and
S1±S3) strains are less extreme, and in the southern
area deformation is closer to plane strain (S3±S5).

DISCUSSION

The investigation of xenolith shapes in Santa Rosa
mylonites has revealed interesting patterns. It is
obvious that an analysis requires a statistically repre-
sentative distribution. Individual xenoliths had devi-
ations from spherical shape and arbitrary orientations
before deformation and both features a�ect the ®nal
geometry. However, as long as a representative distri-
bution is considered, individual shapes are irrelevant if
there is no initial preferred orientation. Also, for large
deformations, even an initial igneous alignment of

Fig. 11. Cumulative diagram illustrating the dimensions of all measured xenoliths.

Table 1. Statistical data. Diameter of original sphere and equivalent strain (with standard deviations) are for 151 deformed xenoliths for
which all three axes could be measured (3D). Average axis ratios are for all 567 xenoliths (2D), obtained by least squares. Undeformed xeno-

liths (G) are added for completeness

Locality Number Diameter Equiv. strain a/b b/c a/b:b/c
(3D) (2D) (cm) (eeq)

G1 Spring Crest 6 68
G2 Asbestos Mtn. 0 26
N1 Hermit's Bench 5 48 12.7 (7.8) 2.4 (0.4) 3.1 30.3 9.8
N2 Dry Wash 11 93 12.3 (4.8) 2.9 (0.2) 2.8 50.0 17.9
N3 Mesquite Flat 6 33 10.0 (4.0) 3.3 (0.6) 2.1 90.9 43.3
N4 Indian Portrero 5 25 17.2 (10) 1.6 (0.3) 2.8 6.6 2.4
N5 Bull's Eye 11 53 13.9 (6.3) 1.1 (0.3) 1.0 4.7 4.7
S1 Live Oak 18 72 8.1 (3.3) 1.4 (0.5) 1.9 4.4 2.3
S2 Grapevine 14 62 14.4 (7.7) 2.1 (0.4) 2.9 7.5 2.6
S3 Pinyon Flat A 41 68 8.3 (7.4) 1.8 (0.2) 3.4 5.8 1.7
S4 Pinyon Flat B 9 15 8.5 (3.3) 2.0 (0.2) 5.6 4.4 0.8
S5 Horse Thief 31 98 9.6 (6.3) 2.0 (0.4) 4.0 8.7 2.2
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xenoliths (that was not observed in the undeformed
Peninsular ranges batholith) would not a�ect the pat-
tern in deformed xenoliths signi®cantly. All their
major axes are more or less parallel with the meso-
scopic fabric coordinates. The fact that in the vast ma-
jority of cases a,b>c indicates that the in¯uence of the
original igneous xenolith shape is minor and that the
regular pattern of xenolith geometry is mainly due to
deformation in solid state.
From petrographic evidence and microstructures in

the mylonites it appears that deformation of matrix
and xenoliths was ductile and fairly homogeneous. Of
the mineral components, feldspars and occasional
hornblende are mainly porphyroclastic and are present
as rigid inclusions, quartz grains are either ¯attened or
dynamically recrystallized with a regular, often asym-
metric, ¯ow pattern around the inclusions. If anything,
the more melanocratic xenoliths, with a higher content
in hornblende, may be slightly sti�er and strain deter-
mined from the xenolith geometry could be underesti-
mated.
O'Brien et al. (1987) studied the preferred orien-

tation of biotite in mylonites and phyllonites of the
same zone and determined March strains. Their results
are recalculated (Table 2) and represented in a Flinn
diagram (Fig. 13). Equivalent strains from phyllosili-

cate textures are much lower than those from xenolith

shapes. This is not surprising because at large strains

phyllosilicates do not satisfy the March condition of

behaving like passive markers in a viscous medium, as

has been documented experimentally (Tullis, 1976;

Sintubin et al. 1995). Deviations from the March

model are particularly severe for heterogeneous poly-

phase materials such as granodiorite with fairly rigid

inclusions of plagioclase and hornblende. Furthermore,

phyllosilicates in these mylonites are generally recrys-

tallized with signi®cant grain size reduction (Goodwin

and Wenk, 1995). The results from this study demon-

strate that the March model cannot be used quantita-

tively to predict strain in these mylonites. However,

this independent strain evaluation from phyllosilicate

preferred orientation also suggests a ¯attening geome-

try, with most a/b ratios near 1.

The geometry of xenoliths has been mainly used to

investigate processes during pluton emplacement and

magma solidi®cation. As early as 1937, Balk estimated

strains based on shape ratios of enclaves. These

methods were re®ned and applied to a large number of

plutons, including the Sierra Nevada in California

(Tobisch et al., 1993; Guglielmo, 1993), the

Chindamora batholith in Zimbabwe (Ramsay, 1981,

1989) and the Ardara pluton in Ireland (Holder, 1981).

In all of these cases the intrusions are post-tectonic

and the enclave geometry re¯ects the strain history

during diapiric emplacement of the batholiths. Strain

patterns are usually concentric with the individual plu-

ton and high deformation is sometimes associated with

a particular intrusion stage, in the case of the

Chindamora pluton to the tonalitic phase. Narrow

zones of intense xenolith deformation are often

observed at the contact between two intrusions as

shown for the Mt. Givens pluton (Tobisch et al.,

1993), or the contact between El Capitan and Half

Dome granodiorites in Yosemite (Bateman and

Wahrhaftig, 1966). Based on such xenolith obser-

vations, the geometry of pluton emplacement has been

described as post-tectonic `ballooning' (Ramsay, 1989).

Paterson (1988) and Paterson and Fowler (1993) pro-

posed a more complicated process that combines pre-

Fig. 12. Flinn diagram illustrating averages for all xenoliths studied
at the 10 localities. For locations see Fig. 1 and for statistical infor-

mation see Table 1.

Table 2. Strain estimates based on preferred orientations in phyllosilicates (O'Brien et al., 1987)

Sample
Equiv. strain

(eeq) a/b b/c a/b:b/c

A1 0.43 1.1 1.9 1.7
B6 0.98 1.4 3.7 2.6
B8 1.07 1.3 4.2 3.2
B9 0.93 1.4 3.4 2.4
B9* 0.75 1.0 3.0 3.0
B10 0.99 1.4 3.7 2.6
C3 0.93 1.3 3.4 2.6
C5 0.93 1.3 3.5 2.7
C5* 0.87 1.1 3.5 3.2
D1 0.88 1.3 3.3 2.5

*Indicates a second sample from the same location.
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tectonic diapiric intrusion, short and long distance ma-

terial transfer and post-tectonic ballooning.

In some of these examples cited there is moderate

mechanical interaction between pluton and surround-

ing wallrock, but deformation of the pluton is not re-

lated to a large regional ductile deformation, as in the

case for the Santa Rosa mylonite zone described in

this paper. Here xenolith deformation is strictly con-

®ned to the eastern contact of the batholith with the

Palm Canyon Fm. The mylonitic foliation is a regular

planar structure that extends over more than 100 km,

cutting across individual intrusions, and consistent

with the overlying metamorphic rocks of the Palm

Canyon Fm. (Fig. 1). The zone of deformation does

not have shape of a diapir necessary to accommodate

deformation by a ballooning mechanism during empla-

cement. Also, the deformed rocks have a mylonitic

microstructure, contrary to many of the plutons, e.g.

in the Sierra Nevada, where the microstructure even of

strongly ¯attened xenoliths is granular or granophyric

(e.g. Guglielmo, 1993). In this respect, the Santa Rosa

mylonites resemble the Tertiary Bergell granite in the

Alps which has been in large portions penetratively

deformed with its wallrock, and also displays mylonitic

microstructures with ¯attened and dynamically recrys-

tallized quartz, wrapping around feldspar clasts

(Wenk, 1973).

The present study documents that xenoliths provide

a means by which to estimate overall deformation and

can be used to obtain information about the defor-

mation history of granite mylonites. The results for

lower and central Palm Canyon (N1±N3) that are

representative of a massive mylonite sequence, illus-

trate very large deformations (eeq=2±4) with a/c ratios

in the vicinity of 100. Assuming pure ¯attening, this

implies that for homogeneous deformation the 800 m

thick sequence of mylonites in Palm Canyon originally

had a thickness of over 10 km. These strains are higher

than those in the pluton studies referred to above.

It has been startling to ®nd consistently highly ¯at-
tened xenoliths with a large deviation from plane
strain. In this respect the xenoliths resemble those
described in many diapiric plutons. As far as the Santa
Rosa mylonite zone is concerned much discussion has
centered on the importance of simple shear and pure
shear. Simpson (1984) proposed a non-coaxial thrust
based on asymmetric microstructures, and Erskine and
Wenk (1985) inferred coaxial deformation based on
highly symmetric fabric patterns of quartz and calcite
in rocks of the associated Palm Canyon Formation.
These patterns of xenolith shapes are not compatible
with plane strain deformations of pure shear or simple
shear.

The tendency for large strains and ¯attening is most
pronounced for locations N1±N5 and S1±S2. The
southern localities display patterns of lower strain and
the xenolith shape is closer to plane strain: S3±S4 are
near the structural bend with the contact parallel to
the lineation due to the emplacement (and o�set) of
the Santa Rosa Mtn. granodiorite; S5 is far south in
the vicinity of Cactus Springs leucogranite. In this dis-
cussion ¯attening has been emphasized as deformation
geometry, inconsistent with shearing and similar to
xenoliths observed in diapirs. But contrary to those
diapirs, all xenoliths in the Santa Rosa mylonite zone
are elongated in the lineation direction (a>b), except
for one locality (N5 Bull's Eye). The well-developed
lineation has been interpreted as a stretching lineation
(Simpson, 1984).

How can an extensive mylonite sequence accommo-
date a large ¯attening strain? The material has to ¯ow
radially in all directions, which is in apparent contra-
diction with the overwhelming evidence for a preferred
NE±SW directionality and a pervasive lineation. Part of
the deformation may be attributed to pluton emplace-
ment along Palm Canyon with some geometric con-
straints. It has been mentioned above that folding is
observed, mainly in the vicinity of the contact with the
Palm Canyon Fm., where lithologic heterogeneity pro-
vides marker horizons, and within metamorphic rocks
of the Palm Canyon Fm. Wherever folds are recog-
nized, fold axes are parallel to the lineation. In the
strongly deformed mylonites, folds are easily over-
looked and their importance may be underestimated.
Is stretching parallel to the lineation, accompanied by
lateral ¯ow? The xenolith study shows that the situ-
ation is more complex and neither a simple shear zone
nor an expanding pluton can explain the observed fea-
tures.

The zone of ductile deformation in southern
California is a large tectonic structure and may be
explained with a top-to-the-west displacement, with
development of a lineation and asymmetric microstruc-
tural features as proposed by Simpson (1984). This is
not inconsistent with the results from the xenolith
study (a < b). However, the simple shear deformation
was a minor contribution to the overall strain of Santa

Fig. 13. Flinn diagram derived from March strains, obtained from
biotite preferred orientations in phyllonites (O'Brien et al., 1987) (cf.

Table 2).
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Rosa mylonites (less than half) and may be expressed

in the tendency for plane strain xenoliths in the

southern zone (S3±S5). In the large and massive mylo-

nite sequence in Palm Canyon most deformation

occurred by ¯attening, and this may well be related to

the emplacement of the partially solidi®ed Peninsular

ranges batholith, between Hermit's Bench and upper

Palm Canyon. Deformation of the xenoliths may have

started in a late igneous phase, but took place mainly

in the solid state, associated with the development of a

mylonitic foliation and lineation. The material

deformed in a ductile manner, and quartz and mica

have recrystallized. For these mylonites a hypothetical

model is proposed in Fig. 14. The mylonitic and highly

ductile rocks of Palm Canyon are squeezed between

the overlying and more rigid metamorphic Palm

Canyon±Asbestos Mtn. unit, with plenty of evidence

for brittle deformation and high local stresses (e.g. a

large pseudotachylite zone) and the emplacing

Peninsular Ranges batholith. The material ¯ow is con-

sistent with the shear movement (top-to-the-southwest,

e.g. the nappe-like emplacement of the Asbestos Mtn.

tonalite) but also spreading laterally, resulting in local

folding and thinning into phyllonites in which the

lineation is much less de®ned. Within the wide spec-

trum of xenolith studies in plutonic rocks with di�er-

ent importance of magma emplacement and tectonic

events, it appears that the case of the Santa Rosa

mylonites is an example of the latter.

CONCLUSIONS

The study establishes that analysis of xenoliths is a
relatively easy, quantitative and robust method to esti-
mate large strain in granite mylonites and can be
directly performed in the ®eld. Xenoliths in Santa
Rosa mylonites are highly ¯attened. But compared to
diapiric intrusions, strains are an order of magnitude
larger and xenoliths are elongated in the lineation
direction. They represent an example of a complicated
deformation process and can be used to determine the
relative signi®cance of large-scale tectonic processes
and more local features, related to emplacement of
cooling batholiths, in the formation of mylonites.
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