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Abstract—Chlorite-muscovite aggregates from the slate belt of southeastern Taiwan have an ellipsoidal
geometry (~k = 1 on a Flinn diagram) with an aspect ratio a:c ranging from about 7:1 to 12:1 and a
crystallographic preferred orientation with the basal planes of the chlorite and muscovite at a high angle to the
slaty fabric in the rock. The principal axes of the aggregates are approximately coaxial with the principal finite
strain directions determined from fibrous pressure shadows. In cleavage parallel sections, straight fibers parallel
to the downdip mineral lineation record plane strain. In cleavage perpendicular sections, however, pressure
shadows have curved fibers that are consistent with W-directed thrusting. We propose a model in which the
chlorite-mica aggregates grow syntectonically by cracking of detrital chlorite grains parallel to the basal planes
and precipitation of secondary chlorite and mica in the open cracks. This model involves (1) rotation of pre-
exiting detrital chlorite grains during progressive noncoaxial deformation, (2) cracking of these grains parallel to
the basal plane when the (001) planes rotate into the incremental shortening field, with nucleation and growth of
secondary chlorite and muscovite in the open microcracks. As the aspect ratio increases, the grains stabilize in
orientation, with the long axes (normal to the basal planes) at a small angle to the shear direction. Extension
normal to (001) is also accompanied by some shortening parallel to (001), but with an overall increase in size of
the aggregates. The final grain size is controlled by the cumulative displacement associated with crack-seal
events. Microprobe analyses of both detrital and secondary chlorite grains show distinct compositional
differences within individual grains perpendicular to (001), particularly in the detrital grains, which we interpret

as primary and secondary chlorite, consistent with a primary-and-secondary origin for the aggregates.

INTRODUCTION

Strain heterogeneity occurs at all scales, from regional
variations in kinematics and strain magnitudes down to
variations at the microscale (Bell 1981, Williams &
Schoneveld 1981, Lister & Williams 1983). This hetero-
geneity occurs due to contrasts in material properties
(e.g. bedding and grain boundaries) and may be
enhanced during deformation due to strain softening or
strain hardening. Bell er al. (1986) suggest that, at the
scale of a thin section, an overall noncoaxial bulk defor-
mation may be partitioned into areas of dominantly
progressive shortening and areas of dominantly pro-
gressive shearing. Specifically, selvage zones which con-
sist primarily of phyllosilicate grains aligned parallel to
the foliation, accommodate the shearing component of
the deformation, whereas the adjacent microlithons,
consisting largely of quartz and feldspar, are dominated
by progressive shortening (Bell 1981, Bell et al. 1986).
Bell et al. (1986) further suggest partitioning may play an
important role in the nucleation and growth of second-
ary minerals because fractures are likely to open in the
zones of progressive shortening. These fractures provide
easy access for fluids and therefore act as sites for the
nucleation and growth of secondary minerals. In par-
ticular, fractures that form during the development of a
crenulation cleavage are most likely to form parallel to
the older fabric (S,) in areas where S is at a high angle to
the crenulation cleavage (i.e. in the hinges of D, folds).
Secondary minerals may nucleate on grains along the

wall of the fracture and grow into the open crack (Bell ez
al. 1986). Other studies have also suggested that frac-
tures are important for secondary mineral nucleation
and growth (e.g. Voll 1960, White & Knipe 1978, van
der Pluijm & Kaars-Sijpesteijn 1984, Lister et al. 1986).

In this paper, we discuss the growth of chlorite—-
muscovite aggregates from the slate belt of Taiwan (Fig.
1), and show that fracturing parallel to (001) is important
for secondary growth of the aggregates. Numerous other
examples of ‘chlorite—muscovite aggregates’ or
‘chlorite—mica stacks’ in low to intermediate grade slates
have been described in the literature for a variety of
different structural and kinematic settings (e.g. Sorby
1853, Behre 1933, Attewell & Taylor 1969, Beutner
1978, Weber 1981, Craig et al. 1982, Woodland 1982,
1985, van der Pluijm & Kaars-Sijpesteijn 1984, Gregg
1986, Beutner er al. 1988). Typically, the aggregates
consist of stacks of chlorite and white mica and have a
larger grain size than the surrounding matrix and a
strong crystallographic preferred orientation with the
basal planes at a high angle to the fabric in the rock.
Despite the common occurrence of these chlorite—mica
aggregates in slates, however, no consensus has been
reached for their origin, except that fracturing parallel to
the (001) planes may be an important mechanism for
secondary mineral growth (Voll 1960, White & Knipe
1978, van der Pluijm & Kaars-Sijpesteijn 1984). Pre-
vious interpretations for the origin and growth of these
aggregates generally fall into one of three categories,
including: (1) primary origin (e.g. Beutner 1978), (2)
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primary and secondary origin (e.g. Voll 1960, White &
Knipe 1978, van der Pluijm & Kaars-Sijpesteijn 1984,
Beutner et al. 1988), or (3) secondary origin (e.g. Behre
1933, p. 180, Weber 1981). Observations of chlorite—
mica aggregates from the slate belt of Taiwan, in con-
junction with analyses of fibrous pressure shadows in the
matrix, suggest that strain is locally partitioned around
the chlorite-mica aggregates such that noncoaxial defor-
mation in the matrix is accompanied by coaxial exten-
sion and crack-seal deformation within the aggregates.

GEOLOGIC SETTING

Taiwan is an active orogenic belt situated on the
boundary between the Eurasian and Philippine Sea
plates and is a result of the collision between the Luzon
island arc and the Asian continental margin (Ho 1975,
1986, 1988). In general, Taiwan can be divided into five
major lithotectonic units, including, from west to east,
the Coastal Plain, the Western Foothills, the Hsiichshan
Range, the Central Range, and the Coastal Range (Fig.
1). Except for the Coastal Range, which represents the
accreted volcanic arc and forearc basin sediments, both
the age and metamorphic grade tend to increase pro-
gressively from west to cast across the island (Chen
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1984, Ho 1986). The Central Range exposes the oldest
rocks in Taiwan and is divided into two belts, including
the Tananao Schist, a polydeformed pre-Tertiary meta-
morphic complex in the east, and a massive sequence of
Eocene slates and metasandstones in the west (Pilushan
Formation). The metamorphic complex consists of a
variety of rock types, including marble, phyllite, quartz—-
mica schist, greenstone and granofels (Stanley et al.
1981}, and is interpreted to represent Asian continental
basement (Ho 1975, 1986, Ernst et al. 1988). The Pilus-
han Formation is a sedimentary cover sequence un-
conformably overlying the Tananao Schist, although the
unconformity may have been reactivated as a fault
during the collision (Ho 1986, 1988).

Field mapping was conducted along the South Cross-
Island Highway between Yakou Hostel and the contact
with the Tananao Schist (Fig. 2). Structurally, the Pilus-
han Formation is characterized by a well-developed
slaty cleavage (S,) and a mineral lineation which is
approximately downdip on the cleavage planes (Fig. 2).
Throughout the slates, bedding is parallel or subparallel
to cleavage and both dip moderately to the southeast in
the western part of the field area. Where there is an
angular relationship between bedding and cleavage,
cleavage is generally several degrees steeper than bed-
ding. This parallelism or near parallelism is attributed to
large amounts of angular shear parallel to lithologic
layering (Stanley et al. 1981, and as discussed below). In
the east, §; is folded by D, and D, but generally dips
steeply to the northwest (Fig. 2, e.g. samples SX-68 and
S$X-70).

Compositionally, the slates consist of chlorite, quartz,
muscovite and minor framboidal pyrite with average
grain sizes on the order of 10 um or less. The chlorite
occurs in three distinct forms, including primary (detri-
tal) grains, secondary grains defining the S, foliation,
and large aggregate grains composed of chlorite (more
than 60%), muscovite (less than 30%), and relatively
minor quartz. The detrital chlorites are found only in
some of the less deformed and coarser-grained litholo-
gies from the westernmost part of the field area (Fig. 2,
sample SX-4). They are characterized by a platy habit
with dimensions in the order of 150-200 um parallel to
the basal planes and slightly shorter normal to the basal
planes (Fig. 3c). Sample SX-4 was taken from the hinge
of a very tight mesoscale fold and is one of the few
examples where cleavage is at a high angle to bedding,
with the cleavage-bedding angle ranging from approxi-
mately 40° to 90°. In this sample, the detrital chlorite
grains have a very well developed crystallographic pre-
ferred orientation with the basal planes nearly ortho-
gonal to cleavage (dipping ~30° to the west in a
geographic reference frame).

The chlorite-mica aggregate grains found in the
highly deformed slates to the east are generally much
larger than grains in the surrounding matrix, with
lengths in the order of 500-2000 4m normal to the basal
planes and 50-200 m parallel to the basal planes. These
grains also show a strong crystallographic preferred
orientation.
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KINEMATICS OF DEFORMATION IN THE
MATRIX

Syntectonic fibrous overgrowths in pressure shadows
adjacent to a rigid object record displacement paths
between initially adjacent points in a deformed rock and
can therefore be used to establish the kinematics of
matrix deformation in the vicinity of rigid grains (Dur-
ney & Ramsay 1973, Wickham 1973, Ramsay & Huber
1983, Beutner & Diegel 1985, Ellis 1986). Durney &
Ramsay (1973) and Ramsay & Huber (1983) assume
that fibers grow parallel to the incremental extension
direction. Pressure shadows with curved fibers therefore

record a rotation of the incremental extension direction
relative to an external reference frame (e.g. the final
orientation of bedding or cleavage). This rotation may
reflect: (1) spin of the rock body through the incremen-
tal extension direction, or (2) noncoaxial strain with
progressive rotation of the fibers relative to a fixed
internal reference frame such as the incremental stretch-
ing direction or shear zone boundaries.

Fibrous quartz—chlorite overgrowths in pressure sha-
dows adjacent to large quartz grains and framboidal
pyrite grains are relatively abundant in slates from the
Pilushan Formation. To characterize the three-
dimensional geometry of the pressure shadows, two thin
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sections were cut from each sample—one parallel to
cleavage (XY section), and one perpendicular to cleav-
age and parallel to the downdip mineral lineation (XZ
section, viewed toward the northeast). This mineral
lineation, which is observable throughout most of the
slates, is parallel to the maximum dimension of over-
growths and is representative of the direction of maxi-
mum finite stretch. In XY sections, pressure shadows
have straight fibers parallel to the approximately down-
dip mineral lineation, indicating northwest extension
(Fig. 3a). Straight, downdip fibers in the cleavage-
parallel sections are consistent with plane strain without
along-strike extension or shortening (parallel to Y).

In XZ sections, pressure shadows have curved fibers
(Fig. 3b) reflecting a rotational strain history. To deter-
mine the correct sense of rotation, however, it is necess-
ary to independently establish the direction of fiber
growth. Fibers may grow from the host toward the
matrix, so that the youngest portion of the fibers is
farthest from the host (syntaxial growth), or from the
matrix toward the host, so that the youngest over-
growths are nearest the host (antitaxial growth). Anti-
taxial growth is most common when the composition of
the fibers is similar to the matrix and different from the
host, for example quartz—chlorite fibers adjacent to
framboidal pyrite grains (Durney & Ramsay 1973, Ram-
say & Huber 1983, Beutner & Diegel 1985, Ellis 1986,
Fisher 1990, Clark et al. 1993). Antitaxial growth in the
pyrite pressure shadows from the Pilushan Formation is
also supported by the observation that overgrowths
adjacent to large quartz grains have the opposite sense of
curvature. Fibers in the quartz pressure shadows are in
optical continuity with the host and are therefore syntax-
ial. Fibers in both quartz and pyrite pressure shadows
therefore record a counterclockwise rotation of the rock
relative to a fixed extension direction through time
(looking north), or alternatively, a bulk counterclock-
wise angular shear (Fig. 3b). Of the two possible in-
terpretations for pressure shadows with curved fibers,
we prefer the interpretation that fiber curvature is re-
lated to bulk angular shear for two reasons. Firstly, a
counterclockwise rotation of the rocks through a vertical
incremental extension direction is inconsistent with the
regional eastward dip (in the western part of the area).
Secondly, independent kinematic indicators such as
folds and asymmetric boudins have a sense of asym-
metry consistent with top-to-the-northwest angular
shear (Stanley et al. 1981).

DESCRIPTION OF CHLORITE-MUSCOVITE
AGGREGATES

The chlorite-muscovite aggregates are composed pri-
marily of chlorite, but in many cases contain abundant
muscovite and minor quartz, where relatively large
chiorite books are separated by thinner muscovites (Fig.
4). Inclusions of any matrix grains within the aggregates
are notably absent, indicating that growth did not in-
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volve replacement of the matrix (e.g. the biotite
porphyroblasts of Lister et al. 1986). Two principal
sections were cut for each sample as described earlier
(one parallel to cleavage, one perpendicular to cleavage
and parallel to the stretching lineation). In both sec-
tions, the aggregates are sub-elliptical indicating an
overall ellipsoidal geometry in three dimensions, with
the average orientation of the principal axes of the
ellipsoid closely corresponding to the principal strain
axes (i.e. the long axis is parallel to the mineral lineation
in XY sections, the intermediate axis is perpendicular to
the mineral lineation, and the short axis is nearly per-
pendicular to cleavage).

To characterize the geometries of the aggregates in
the two principal sections, we used a digitizing tablet to
digitize up to 50 points on the edge of each aggregate,
then calculated a root mean square best-fit ellipse using
the algorithm of Erslev & Ge (1990). In this paper, we
refer to the chlorites in a reference frame where x is
perpendicular to the basal planes, and y and z are
parallel to the basal planes (parallel to Y and Z, respect-
ively). The notation g, b, and ¢ refer to the maximum,
intermediate, and minimum axes of the aggregates,
respectively. Figure 5(a) shows the present geometry of
the aggregates on a Flinn (1962) diagram. The aggre-
gates generally plot near the £ = 1 line, but may be
slightly prolate or slightly oblate.

Undeformed micas typically have a platy habit with
the length parallel to the basal planes being longer than
the length normal to the basal planes (Woodland 1985).
Beutner (1978) reports an average aspect ratio 2.67:1
for detrital chlorites in uncleaved pelites from the Mar-
tinsburg Slate of the eastern United States. In sample
SX-4, which contains relatively undeformed detrital
chlorites, the average aspect ratio is in the order of 1.3—
1.5 to 1 measured in XZ sections (Fig. 3c). Moreover,
the length in two orthogonal directions parallel to the
basal planes should on average be approximately equal
(x < y = z) and undeformed phyllosilicates should plot
near the & = 0 axis of a Flinn diagram.

One of the most striking features of the aggregates is
the strong crystallographic preferred orientation with
the (001) planes are at a high angle to S, viewed in XZ
sections (subparallel to ¢) and approximately parallel to
b in XY sections. Although some of the aggregates have
deformed internally by slip along the basal planes, in
most cases, the amount of reorientation of the (001)
planes due to internal deformation is small. Rose dia-
grams showing the long axes of the calculated best-fit
ellipses and the orientation of the basal planes are shown
in Figs. 6(a)—(f) for XY sections and Figs. 6(g)—(1) for
XZ sections. On average, the basal planes are oriented
slightly clockwise from the short axis of the ellipse (less
than ~10°). The average geometries and orientations of
the aggregates in an absolute reference frame are shown
schematically on the cross-section (Fig. 2b). In the
western part of the area where cleavage dips moderately
to the southeast, the (001) planes of the aggregates dip
moderately to the northwest (Fig. 2b, samples SX-24
and 50).
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Fig. 5. Flinn diagrams showing the calculated path the chlorite-mica

aggregates follow beginning with an initial geometry of a;/c; = 1.5 (see

text), where (a) shows the average final geometries for five samples,
and (b) shows the details of the paths near the origin.

MICROPROBE ANALYSIS OF CHLORITES

The compositions of detrital chlorites, secondary
chiorites, and chlorite-mica aggregates were analyzed
on an electron microprobe (Table 1). The detrital
grains, denoted SX-4a and SX-4b, are from sample SX-4
in the westernmost part of the field area (see Fig. 2 for
sample location). Under backscatter, these detrital
chlorite grains show a distinct light and dark banding
parallel to (001) (Fig. 4d), with the dark bands approxi-
mately 2 um wide and the lighter bands on the order of
1020 um. Anpalyses SX-4a.1 and SX-4b.1 are from
within the lighter bands; SX-4a.2 and $X-4b.2 are within
the dark bands (Table 1). These bands have distinctly
different compositions, with the dark bands having a
higher MgO/FeO ratio (Fig. 7).

Analysis SX-68c is from a secondary chlorite grain
that is parallel to the foliation (sample SX-68). This
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grain is similar in composition to the higher Mg chlorite
in the dark bands of the detrital grain.

Two chlorite-mica aggregates from sample SX-68
were also analyzed. The first, denoted SX-68a (Fig. 4d),
includes five points selected by hand. The second,
denoted SX-68b, includes 17 approximately evenly
spaced points along a transect across the entire aggre-
gate, 14 of which were chlorite. These analyses show a
relatively limited range of compositions, with many of
the points having an Mg number of approximately 0.45,
similar to the composition of the secondary grain. The
variations in composition within the aggregate represent
differences in the weight percent of Fe on the order of
0.7% and may reflect submicroscopic interlayers with
different compositions (Li et al. 1994).

DISCUSSION

Deformation mechanisms and kinematics of aggregate
growth

The coaxiality of the a, b and ¢ axes of the aggregates
with the X, Y and Z axes of the finite strain ellipsoid,
respectively, suggests that the external geometry of the
aggregates is related to D;. Additionally, zones of insol-
uble residue along edges of the aggregates that face the
shortening direction indicate that the aggregates were
present during D;. Any model for growth and/or defor-
mation of these aggregates must not only produce the
observed external geometry, but also account for the
crystallographic preferred orientation such that (001)
planes are aligned subparallel to the short axes of the
aggregates (i.e. suborthogonal to S,). Moreover, the
strain path must map the grain shape from an approxi-
mately k& = 0 geometry to the final observed geometry of
the aggregates. Three possibilities include: (1) pressure
solution of material along the edges of pre-existing
chlorite—-muscovite grains (e.g. Beutner 1978), (2)
intracrystalline (crystal-plastic) deformation of pre-
existing detrital chlorite grains or early-formed aggre-
gates, or (3) microfracturing of initially platy chlorites or
white micas and infilling of the microcracks with second-
ary minerals (Voll 1960, White & Knipe 1978, van der
Pluijm & Kaars-Sijpesteijn 1984). Each of these possi-
bilities is discussed below.

(1) Beutner (1978) describes large chlorite grains from
the Martinsburg Slate, New Jersey, U.S. A. These grains
are interpreted as detrital chlorites and show both a
strong grain-shape and a crystallographic preferred
orientation, with the long axis approximately parallel to
cleavage. Beutner (1978) attributes the crystallographic
preferred orientation to a primary bedding fabric and
suggests that the grains deformed primarily by pressure
solution corrosion along edges parallel to the foliation in
the rock, with little or no systematic rotation of the
grains. Assuming that the chlorite grains initially had a
platy habit typical of mica and chlorite (x < y = z),
pressure solution alone cannot produce the final grain
geometries observed in the samples from Taiwan.
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Crack-seal growth of chlorite-muscovite aggregates

Table 1. Microprobe data for all chlorite analyses, including two detrital chlorite grains (SX-4a and b), a secondary chiorite
grain in the matrix (SX-68c), and two chlorite-muscovite aggregates from the high strain zone (SX-68a and b)

§X-68a.1 SX-68a.2 SX-68a.4  SX-68a.5 SX-68a.6  SX-68b.1 $X-68b.2  SX-68b.3
SiO, 22.893 23.318 24.357 24.685 24.301 24.242 24.752 24.287
Al1,03 22.318 22.267 22.590 22.647 22.202 22.837 22.222 22.877
MgO 12.314 12.200 12.471 12.533 12.657 12.174 12.263 12.489
FeO 28.055 28.442 28.396 28.336 27.724 26.783 26.980 26.922
Na;0 0.000 0.019 0.000 0.010 0.009 0.004 0.019 0.000
K,O 0.016 0.000 0.002 0.009 0.041 0.000 0.035 0.018
Total 85.596 86.246 87.816 88.220 86.934 86.040 86.271 86.593
Mg-number 0.439 0.433 0.439 0.441 0.449 0.448 0.448 0.453

S$X-68b.4 $X-68b.5 SX-68b.7  SX-68b.8 SX-68b.10 SX-68b.11 SX-68b.12 SX-68b.13
Si0, 24,212 25.049 24.351 24.362 23.934 24.272 24.420 24.262
Al,04 22.598 22.741 22.796 22.452 23.068 22.747 22.805 22.444
MgO 12.285 12.324 12.397 12.288 11.560 12.379 12.227 11.936
FeO 27.251 27.223 27.116 27.149 27.522 27.029 27.251 27.250
Na,O 0.000 0.013 0.003 0.008 0.013 0.012 0.000 0.005
K,O 0.011 0.011 0.025 0.042 0.029 0.010 0.027 0.030
Total 86.357 87.361 86.688 86.301 86.126 86.449 86.730 85.927
Mg-number 0.446 0.447 0.449 0.447 0.428 0.449 0.444 0.438

§X-68b.15 S§X-68b.17 SX-68b.18 SX-68¢ S$X-4a.1 S§X-4a.2 SX-4b.1 S$X-4b.2
SiO, 24.649 23.742 24.888 24.296 24.491 25.917 25.267 26.155
A1,0, 22917 22.263 22.662 22.709 22.248 20.100 21.991 20.415
MgO 11.844 11.936 12.485 12.271 10.020 13.412 10.608 12.643
FeO 27.681 26.908 26.877 26.790 29.947 27.331 29.933 27.554
Na,O 0.000 0.011 0.000 0.000 0.000 0.004 0.018 0.007
K,O 0.027 0.030 0.043 0.022 0.007 0.000 0.094 0.060
Total 87.118 84.890 86.955 86.088 86.713 86.764 87.911 86.834
Mg-number 0.433 0.442 0.453 0.449 0.374 0.467 0.387 0.450

However, pressure shadows record no evidence for
shortening or extension parallel to Y (plane strain),
therefore, the width of the chlorite-mica aggregates
parallel to Y probably approximates the initial length
parallel to the basal planes. Unless the original grains
had an unusual geometry where the long axis of the
grains was normal to the basal planes, dissolution (and
local volume loss) along edges of the grain parallel to the
foliation cannot produce the final geometries (x >> y > z).

(2) Intracrystalline deformation may be accommo-

dated either by recrystallization and grain size re-
duction, or slip along the basal planes. Recrystallization
does not appear to be an important mechanism, how-
ever, because most grains span the entire width of the
aggregate and there is no evidence for localized defor-
mation zones (Vernon 1977) or grain size reduction
along zones at an angle to the basal planes. Additionally,
slip parallel to the basal planes would result in a crystal-
lographic preferred orientation with (001) oriented at a
small angle to the fabric in the rock and subparallel to
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Fig. 8. Schematic diagram showing bedding-cleavage-aggregate
relationships through time.

the long dimension of the aggregates. Generally, the
amount of slip along the basal planes is small in all but a
few of the chlorite-muscovite aggregates and the basal
planes are at a high angle to the foliation. Thus, this
mechanism cannot explain the preferred orientation of
the basal planes at a high angle to §;. Although there is
some evidence for a small amount of slip parallel to
(001), intracrystalline deformation is not thought to be
significant.

(3) The third mechanism, involving microfracturing
within and adjacent to (Voll 1960, White & Knipe 1978,
van der Pluijm & Kaars-Sijpesteijn 1984, Lister et al.
1986) pre-existing chlorites and precipitation of second-
ary chlorite and mica in the open microcracks, provides
the best interpretation to explain both the geometry and
preferred orientation of the chlorite-muscovite aggre-
gates. The detrital chlorites observed in less deformed
rocks to the west are a likely candidate for the pre-
existing chlorites, and the presence of (001)-parallel
bands within the detrital grains of chlorite that is similar
in composition to secondary chlorite in samples to the
east supports the idea that the detrital grains undergo
extension orthogonal to (001), with precipitation of
secondary minerals within distinct bands. As envisaged,
this process involves two stages: (1) Detrital chlorites
(x <y = z) rotate in response to bulk shear (Fig. 8a).
These detrital grains are interpreted to have a primary
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preferred orientation with (001) parallel to bedding (e.g.
Beutner 1978, Craig et al. 1982, Woodland 1982, 1985,
van der Pluijm & Kaars-Sijpesteijn 1984). The grains are
initially oriented with the basal planes at a moderate
angle to the incremental shortening direction and there-
fore behave relatively rigidly during this stage. (2) Once
x is within the incremental extension field, the detrital
chlorites begin to deform by fracturing parallel to the
basal planes, resulting in extension normal to the basal
planes. In this orientation, the aggregates behave passi-
vely because of the negligible tensile strength of chlorite
normal to the basal planes. Both secondary chlorite and
muscovite nucleate on the pre-existing detrital chlorites
along the walls of the crack and grow, filling in the open
crack until the process is repeated by the opening of a
new fracture (Fig. 8). Secondary chlorite and muscovite
nucleate on the pre-existing grains, maintaining crystal-
lographic continuity with the precursor detrital chlorite.

Stage 1: rotation of detrital grains. Previous studies of
chlorite-mica aggregates have resulted in several
alternative interpretations for rotation of the aggregates
during deformation. These interpretations generally fall
into one of three categories, including (1) little or no
rotation (Beutner 1978), (2) no rotation with respect to
bedding (Craig ef al. 1982, Woodland 1982, 1985), and
(3) mechanical rotation toward parallelism with cleav-
age (van der Pluijm & Kaars-Sijpesteijn 1984). Beutner
(1978) shows that detrital chlorite grains undergo little
or no systematic rotation with respect to a geographic
reference frame during passive folding and used the
orientation of (001) to determine the original orien-
tation of bedding. Craig et al. (1982) and Woodland
(1982, 1985) show evidence that the aggregates rotate
with respect to a geographic reference frame, but main-
tain approximate parallelism with bedding during fold-
ing. Woodland (1982) concludes that, in all but a few
samples, the aggregates show no evidence for rotation
toward cleavage. In contrast, van der Pluijm & Kaars-
Sijpesteijn (1984) show evidence that the aggregates
rotate toward cleavage on the limbs of folds. This
rotation is interpreted as a rigid body rotation and is
attributed to noncoaxial strain histories on the limbs of
folds.

Bell & Johnson (1989) show that foliations preserved
in porphyroblasts tend to have subvertical or subhori-
zontal orientations and suggest that the porphyroblasts
undergo no rotation during deformation. Bell et al.
(1992) further support this idea with data from a variety
of localities showing vertical and horizontal truncations.
Assuming an initial bedding-parallel preferred orien-
tation for the chlorite-mica aggregates from Taiwan,
however, a nonrotation model predicts that (001) would
remain roughly horizontal during passive rotation of
bedding and cleavage formation. Presently, (001) are on
average normal to both bedding and cleavage, requiring
a relative rotation between (001) and bedding of ~90°.
In the western part of the field area where D, and D;
folds are absent, bedding dips approximately 30-60°
southeast (Fig. 2) as a consequence of clockwise (look-
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ing north) tilting during thrusting. The chlorite-mica
aggregates from this area (samples SX-4, 24 and 50),
however, dip to the northwest approximately 45-60°,
consistent with a counterclockwise rotation. Therefore,
the present orientation of the (001) planes in aggregates
is best explained by early rotation during northwest-
directed thrusting.

Stage 2: crack-seal growth of the aggregates. The
observation that the long axis of the chlorite~mica aggre-
grates is almost normal to the (001) planes (Figs. 6g-1) is
of particular importance because it suggests that exten-
sion occurred normal to the basal planes (mode I fractur-
ing) rather than by mixed-mode or shear fracturing with
a component of displacement parallel to the basal planes
(antithetic shearing). If mixed mode fracturing were
important, the basal planes would continue to rotate
toward parallelism with the shear plane and approach
parallelism with the long axis. Mixed-mode fracturing is
clearly not consistent with the observations, suggesting a
high degree of strain partitioning between the chlorite-
mica aggregates and the surrounding matrix. Whereas
deformation in the matrix is noncoaxial, the aggregates
deform by coaxial extension normal to (001) and short-
ening parallel to (001), i.e. the noncoaxial strain in the
matrix is locally partitioned into coaxial stretching and
spin in the aggregates (e.g. Lister & Williams 1983). The
spin decreases as the long axis of the aggregate ap-
proaches parallelism with the shear direction. Because
extension occurs normal to (001), the longest dimension
of the aggregates is normal to the basal planes for
moderate to large strains, so the aggregates stabilize in
orientation with the long axis parallel to cleavage and
(001) normal to cleavage.

Light and dark bands in detrital chlorite grains from
sample $X-4 have two distinct chemical compositions.
The higher Mg end-member in the (001)-parallel bands
is similar in composition to secondary grains and is
interpreted to be secondary. The fact that these bands
are parallel to (001) is consistent with fracturing of the
detrital grains parallel to (001) with precipitation of
secondary chlorite in the open cracks. Large chlorite—
mica aggregates are dominated by the higher Mg chlor-
ite, suggesting significant secondary growth of the aggre-
gates.

Chlorite—mica aggregate geometries and strain paths

Detrital or undeformed micas typically have a platy
habit (x < y = z); therefore, any viable strain path must
map the aggregates from a £ = 0 geometry to approxi-
mately k = 1 ellipsoids (Fig. 5). The resulfing changes in
the grain shape can be represented as continuous paths
on a Flinn (1962) diagram. Two end-member strain
paths we will consider are pure volume gain by extension
normal to (001), and volume constant strain accommo-
dated by extension normal to (001) accompanied by an
equal amount of shortening in one direction parallel to
(001). The paths shown on the Flinn (1962) diagram
represent the changes in shape of the aggregates and we
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emphasize that the strain paths discussed here refer only
to the chlorite-mica aggregates and not to the rock as a
whole. Although deformation of the rock is noncoaxial,
deformation of the aggregates is roughly coaxial because
extension always occurs normal to the basal planes.

Starting with a chlorite grain that initially has a platy
habit with dimensions x < y = z (Fig. 9, point m),
extension parallel to x would cause the grain to become
less oblate and subsequently more prolate (Fig. 9, black
curve, points m—n—o); such deformation would not re-
sult in different lengths for y and z (x > y = 2).
Therefore, pure volume gain due to fracturing parallel
to the basal planes cannot produce the final observed
geometries. Alternatively, starting with a chlorite with
the same geometry (Fig. 9, point m), volume constant
deformation results in a slightly more complicated his-
tory which ultimately produces an oblate ellipsoid. Now
it is assumed that extension parallel to x is accommo-
dated by an equal amount of dissolution parallel to z,
with no extension or shortening parallel to y. In this
case, the aggregates follow the path represented by the
dashed curve (Fig. 9, points m—n'—o'—p’), ultimately
producing an oblate geometry; the geometries of the
grains at each point are shown schematically (Fig. 9).
Thus, starting with a grain with a platy habit, volume
constant deformation will always result in an oblate
ellipsoid provided the amount of deformation is large
enough to cause x to become the longest dimension of
the aggregate. Again, this strain path cannot map the
aggregates from their initial to final geometries.

Now consider deformation intermediate between
pure volume gain and volume-constant strain, involving
extension parallel to x and shortening parallel to z:
treating the deformation of the aggregates as coaxial,
there are three independent variables that define the
final aggregate geometry: the maximum principal
stretch s;, the minimum principal stretch s;, and the
initial geometry of the precursor chlorite grains (g,/c;).
By constraining any two of these three variables, we can
show the changes in shape of an initially undeformed
mica grain (x < y = z) on a Flinn diagram as a function of
the third for a coaxial strain history.

Because pressure shadows record no independent
evidence for extension or shortening parallel to Y
(s» = 1), the y dimension of the aggregates is assumed to
approximate the original length parallel to the basal
planes (y; = y; = z;). The final length parallel to (001) is
2, SO

§3 = zf/yi’ (1)
or using the axial ratios shown in Fig. 6,
53 = (a/b)/(alc). 2)

Given the range in values for the initial aspect ratio
afc; discussed earlier (~1.3-2.5:1), we can calculate the
value of s; required to deform the grains to the final
geometries. To show the evolution of the geometry on a
Flinn (1962) diagram, the deformation is divided into
100 equal increments where the maximum and minimum
incremental stretches are (sq); = (s))°°' and (s3); =
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curve), where the extension direction is parallel to x and the shortening direction is parallel to z. For pure volume gain, the

grain follows the path m—n—o (solid line), resulting with a prolate geometry. For volume constant strain, the grain follows

the path m—n'—0’—p’ (dashed line), ultimately resulting in an oblate geometry. The block diagrams schematically show the
axial ratios of the grain at points m, n', o’ and p’.

(s5)"", respectively. Because each increment is coaxial
with earlier increments, the length of the chlorite grain
parallel to xis x; . ; = x;(s{); and the length parallel to z s
zi 41 = z(s3); after each increment.

Table 2 shows the measured final aspect ratios ag/c,for
the aggregates and the calculated values for s; and
volume change A for grains having initial aspect ratios
ajc; of 1.25, 1.5, 2.0 and 2.5. In almost all cases, the
deformation involves an overall volume gain (A > 0) at
the scale of an individual grain. This volume-gain strain
is consistent with our interpretation that growth of the
aggregates involves pressure solution at the cleavage-
parallel edges and cracking parallel to the basal planes,
with precipitation of secondary chlorite and muscovite
in the cracks. Figures 5(a) & (b) show the paths that the
aggregates follow from their initial to final geometries on
a Flinn (1962) diagram for an initial aspect ratio of 1.5.

Deformation intermediate between pure volume gain
and volume-constant strain can therefore lead to either
prolate or oblate ellipsoids, depending on whether the
slope of the linear segment of the path (e.g. Fig. 9, points
o'-p’) is greater than or less than unity. The slope of this
line is a function of the initial aspect ratio of the chlorite
grains and the ratio s,/s;.

CONCLUSIONS

We have outlined a kinematic model to explain the
growth of chlorite-muscovite aggregates from Taiwan
during noncoaxial strain history. This model involves
rigid rotation of pre-existing detrital chlorite grains,
cracking parallel to the basal planes, and precipitation of

Table 2. Measured aspect ratios for the chlorite-mica aggregates and calculated values for 5; and A for grains having initial aspect ratios of 1.25:1,
1.5:1,2.0:1and 2.5:1

Ax. Rat. (measured) 51 A=g53—-1

& by Yo Ly Hoys fiogg fiogs Yaqnps Yiogs Lo fYilgs
Sample b, cr ¢ ¢ ¢ ¢ ¢ ;o ¢ ; i
S$X-50 2.38 3.47 8.26 2.97 3.57 4.76 5.95 —0.142 0.0285 0.371 0.714
SX-68 2.96 2.63 7.78 3.70 4.44 5.92 7.40 (.409 0.688 1.25 1.81
$X-70 3.08 2.30 7.09 3.84 4.62 6.16 7.70 0.671 1.007 1.68 2.34
$X-71 2.91 3.02 8.78 3.63 4.36 5.82 7.27 0.205 0.446 0.928 1.41
SX-80 4.03 3.09 12.45 5.04 6.04 8.06 10.07 0.630 0.956 1.61 2.26
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secondary chlorite and muscovite in the open cracks.
Implications of this study are:

(1) Fracturing may play an important role in aggre-
gate nucleation and growth. In addition, because the
stress field is hydrostatic within an open fracture, differ-
ential stress plays no role in determining the crystallo-
graphic orientation in which secondary minerals grow;
these secondary minerals are likely to nucleate on and
maintain crystallographic continuity with similar miner-
als in the wall of the crack.

(2) Microprobe analyses, particularly in the detrital
grains, clearly show two distinct chlorite compositions,
with the high Mg end-member similar in composition to
secondary chlorites that define the cleavage. This sup-
ports the interpretation of a primary-and-secondary
origin for chlorite-mica aggregates.

(3) Despite the top-to-the-northwest noncoaxial
strain experienced in the matrix of these rocks, defor-
mation of the aggregates was largely coaxial, with exten-
sion always occurring nearly orthogonal to (001), as
shown by the observation that the aggregates are longest
normal to the basal planes. Thus, noncoaxial strain in
the matrix is accommodated by a spinning coaxial defor-
mation in the aggregates (e.g. Lister & Williams 1983).

(4) The final geometries of the aggregates (either
slightly prolate or slightly oblate) suggests that extension
parallel to x was also accompanied by shortening parallel
to z, but with an overall volume gain for the aggregates.
Thus, growth of the aggregates was strain induced.
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