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Abstract—Foliated cataclasite and breccia exposed along a segment of the Towaliga fault zone (TFZ) in western
Georgia, U.S.A., formed during two episodes of cataclastic deformation. Conventional K-Ar crystallization
ages of muscovite collected along fractures in the foliated cataclasite at Dixon Mountain, suggest that following
mylonitization, at about 296 Ma (Pennsylvanian), rocks along the TFZ were elevated upward across the 300°C
isothermal surface and ductile deformation via cataclastic flow was initiated. Fluid inclusion microthermometry
and quartz microfabric in the cataclasite suggest that the temperature during this first cataclastic deformation,
which probably occurred at a depth greater than 8 km, was between 140 and 300°C. At around 237 Ma (Late
Permian), cataclastic deformation was dominated by brecciation and extensive vein sealing and formed the
silicified breccias at Dixon Mountain. Muscovites from another cataclastic segment of the TFZ give a relatively
low apparent age of around 269 Ma, probably because of loss of argon or mixing with younger neocrystallized

muscovite during cataclasis.

INTRODUCTION

THE TowaLiGa fault zone (TFZ) at the northwestern
boundary of the Pine Mountain window (PMW) in
Georgia (Fig. 1) and Alabama, exposes syn-
metamorphic, polydeformed mylonitic rocks (Holland
1981, Hooper & Hatcher 1988, Steltenpohl 1988). Sili-
cifed breccia, exposed along a few segments of the TFZ
(Schamel & Bauer 1980, Schamel et al. 1980, Kish et al.
1985) are interpreted to represent post-metamorphic
brittle normal faults on the basis of large-scale apparent
displacement of the Piedmont relative to the PMW
(Schamel & Bauer 1980, Sears & Cook 1984, Higgins et
al. 1988). The brittle fauits, although locally parallel to
the trace of the mylonite zones, are apparently not the
products of reactivation of the older mylonitic shear
zone (Schamel & Bauer 1980).

Although some of the breccias overprint the mylonitic
fabric and contain clasts of mylonite (Hadizadeh et al.
1989, 1991), the temporal and spatial relationships be-
tween mylonitization and cataclasis along the TFZ have

not yet been established. The extent and number of
cataclastic deformations and whether any of these defor-
mations produced foliated cataclasite in addition to the
breccia, were previously unknown. Other problems in-
volved the timing of the cataclastic deformation(s), the
prevailing mechanism and thermal conditions, and
whether the Alleghanian orogeny (Dallmeyer et al.
1986, Secor et al. 1986) included part or all of the
cataclastic deformations. The objectives of this study
were to understand the timing and dominant mechan-
isms of cataclastic deformation along portions of the
TFZ, by interpreting new microstructural and micro-
thermometric fluid inclusion data and conventional
K-Ar muscovite ages of the cataclastic rocks. Our
analysis helps to better reconstruct the deformation
history of the TFZ.

Throughout this paper we use the classification of
fault rocks by Sibson (1977). We stress the distinction
between ductile deformation by crystal-plastic mechan-
isms (ductile—plastic) vs ductile deformation by cataclas-
tic flow (ductile-brittle) (Rutter 1986).
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GEOLOGIC BACKGROUND

The PMW in the Georgia and Alabama Piedmont
exposes Grenville-age basement and its unconformable
cover of Pine Mountain Group (Odom er al. 1973,
Schamel & Bauer 1980, Hatcher 1984, Sears & Cook
1984, Higgins et al. 1988). The overall structure of the
PMW has been interpreted as NW-vergent, nearly
recumbent thrust nappes, arched about gently NE-
plunging axes (Schamel et al. 1980, Sears et al. 1981,
Hatcher 1984). Nelson et al. (1987), using COCORP
data, suggested that a post-Alleghanian, late Paleozoic
and/or Mesozoic normal fault offsets the Grenville base-
ment by 9 km along the known trace of the TFZ.

The last mylonitization episode along the TFZ is
thought to be related to the Alleghanian orogeny at
about 300 Ma (Wampler ez al. 1970, Goldberg & Stelten-
pohl 1988, Kish 1988), when the fault cooled below the
300°C (Cliff 1985) blocking temperature for biotite
(Kish et al. 1985). 190 Ma old diabase dikes (Ragland et
al. 1983) that cut across the fault provide a minimum age
for the TFZ (Schamel & Bauer 1980). However, Rein-
hardt et al. (1984) proposed that the latest brittle phase
of deformation along the TFZ may be as young as
Paleocene.

CATACLASTIC MICROFABRICS

Cataclastic deformation in the TFZ has generated
breccia (Grant 1967, Davis 1980, Kish et al. 1985), and
foliated cataclasite (Hadizadeh & Babaie 1988, Babaie
et al. 1989). Due to widespread silicification, breccia is
better preserved than the highly fractured, non-silicified
cataclasites, and occurs as relatively small, ca 600 x 200
m oval ridges such as Dixon Mountain (Fig. 1), that have
100-200 m of relief above the surrounding valleys. The
occurrence of bodies of silicified breccia has been
reported in areas up to 120 km northeast of the study
area along the approximate trend of the Towaliga fault
zone (Davis 1980). Generally, fragments within the
matrix of silicified breccia are of two distinct types: (1)
crushed vein-quartz with little sign of plastic strain (Fig.
2a); and (2) composite clasts bearing evidence of older,
more widespread deformation, both mylonitic and
cataclastic (Fig. 2b). At Dixon Mountain, some of the
composite clasts show a flow-like structure composed of
dark bands of very fine (5~10 um) to sub-micron angular
quartz grains (Fig. 2b). Under plane-polarized light the
bands exhibit a fabric with fluxion structure. Fine-
grained and cryptocrystalline quartz crystals make up
the silicic matrix that gives the breccia coherence. Silici-
fication obliterated most of the pre-existing mylonitic
and cataclastic fabric. Numerous boxwork quartz veins
cut across each other and the breccia (Fig. 2¢). Veins
generally have a thickness of less than 1 mm, but cm-
thick veins are also common in the breccias, in which
crystals are very coarse (1-2 cm) and form the so-called
dog-tooth structure. Clasts of vein material are dis-
tinguished from clasts of cataclasite by their euhedral
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Fig. 1. Geologic map of part of the Pine Mountain window in Georgia
showing SE boundary of Towaliga fault zone, sample locations (shown
by *), and study area (filled rectangle) (modified from Higgins et al.
1988). Dixon Mountain is at TF23 and TF24 (TF omitted on map),
south of Woodbury (W) (Woodbury 7.5 minute Quad-
rangle). TF17 is a roadcut on the Mountain Top road about 0.5 mile off
highway 190 at Hines Gap (Pine Mountain 7.5 minute Quadrangle).
Grenville basement includes Sparks Schist. P = Pine Mountain, B =
Barnesville, T = Thomaston, C = Cataula, SF = Shiloh fault, GRF =
Goat Rock fault.

crystal shapes and uniform extinction reflecting their
less deformed structure. The crystal faces of vein-quartz
are marked by dark solid inclusions that accentuate
accreted growth layers.

Sparse, thin zones of microbreccia occur within the
isotropic silicified breccias, cut across quartz veins, and
show multiple crack—seal and brecciation episodes. The
microbreccia zones range in thickness between a frac-
tion of a millimeter and a few millimeters. Grain size in
the microbreccia zones ranges between 5 um (and prob-
ably smaller) and 1 mm and decreases progressively
toward the middle of the zone.

Foliated cataclasites form thin bodies at the margins
of the silicified breccias. The foliation in the cataclasite is
defined by mm-scale, anastomosing shear fractures, that
enclose slivers of single or aggregate quartz crystals.
Quartz slivers show a preferred orientation and thin
bands of cataclasite are parallel to a pervasive set of
intergranular shear fractures between fragments (Fig.
2d). Fragments in the cataclasite display patchy extinc-
tion, suggestive of submicroscopic intragranular fractur-
ing and rotation (Tullis & Yund 1987). Transgranular
fractures are oblique to the major intergranular frac-
tures which define the foliation (Fig. 2d).

Scarce microstructures indicative of grain boundary
migration recrystallization (Guillope & Poirier 1979,
Urai et al. 1986) occur in the foliated cataclasites. The
exclusive occurrence of the recrystallized grains inside
mylonitic fragments, and the fact that these microstruc-
tures are cut by shear fractures in the cataclasite, suggest
that the recrystallized grains are the products of crystal-
plastic deformation during an earlier mylonitization
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event. Microscopically, no evidence for quartz recrystal-
lization is apparent along the fractures.

ESTIMATES OF TEMPERATURE AND AGE OF
CATACLASTIC DEFORMATION

Quartz crystals in veins and adjacent grains in the
foliated cataclasites were analyzed for fluid generations
and compositions in fluid inclusions. Fluid inclusion
analysis was conducted on a modified USGS-type heat-
ing and freezing stage mounted on a Zeiss WL micro-
scope. Different parts of doubly-polished samples were
frozen to observe the behavior of the entrapped material
and to estimate the total salinity as equivalent wt% NaCl
from ice-melting temperatures. Homogenization tem-
peratures of the inclusions were determined on the same
inclusions.

The fluid inclusions contain liquid and water vapor.
Trails of inclusions form arrays that cross each other and
grain boundaries, indicating that they are secondary and
formed when fluids healed fractures. The sizes of the
generally irregular inclusions range between 2 and 50
um. The ice-melting temperatures range between —0.7
and 0°C (Table 1), indicating salinities of 0—1.2 wt%
NaCl equivalent (almost fresh water) (Roedder 1984).

The homogenization temperatures have a narrow
range between 141 and 175°C with a mean of 159°C
(Table 1). Using the 1% NaCl equivalent curves of
Potter (1977), and assuming that brittle deformation of
quartz occurred below 300°C (Voll 1976), pressure cor-
rections needed for estimation of the trapping tempera-
ture (7;) were made over a depth range of 1-8 km (Table

2). The maximum depth below which T, would exceed
the 300°C limit is, under lithostatic pressure conditions,
between 7 and 8 km (Table 2). However, a calculated
319°C for mean T, at a depth of 8 km (Table 2) requires a
geothermal gradient of 40°C km~'. The maximum depth
could be significantly greater in the likely case of effec-
tive pressure being less than lithostatic pressure or if the
pressure gradient were less than the 25 MPa km ™! used
in our calculations (Table 2). For example, if the effec-
tive pressure where the fluid inclusions formed were half
the lithostatic pressure, the mean T, would stay below
300°C down to 14 km. We suggest therefore that veins
formed at depths greater than 8 km unless the geo-
thermal gradient exceeded 40°C km ™! or the silica-rich
fluids originated from a hot source.

X-ray diffraction patterns of micas from breccia (TF24
and TF17) and foliated cataclasites (TF23, Fig. 1) indi-
cate that they are muscovite. At Dixon Mountain (TF23
and TF24), flakes of this muscovite are commonly
microfaulted, locally buckled due to shear along frac-
tures, and show no evidence of overgrowth. Muscovite is
in places altered to chlorite along fracture planes. The
Dixon Mountain muscovites occur almost exclusively
along fractures and have non-sigmoidal shapes. At
station TF17, where ultramylonites are brecciated
(Hadizadeh ez al. 1991) muscovites occur as subhedral
grains in the matrix (mainly along interclast fractures),
and as mica fish (Lister & Snoke 1984) within mylonitic
fragments. The interclast muscovites have variable sizes
compared to the intraclast mica fish which are finer
grained and have a more uniform size. The tails of the
sigmoidal muscovite fish in the mylonitic clasts are
parallel to the mylonitic foliation which is defined by the

Table 1. Thirty homogenization temperatures (7},) of fluid inclusions in 19

grains (g) near veins, and 11 veins (v) in foliated cataclasite at station TF23. Data

are given in a histogram form. Ice melting temperatures are given in parentheses.

Th, and SD are mean and standard deviation of the homogenization
temperatures; n.d. = not determined

Homogenization temperature (7Ty,) (°C)

n 140 150 160 170
1 141.1(=0.5)g  150.0(=0.2)g  160.1(~0.4)g  170.5(~0.2)g
2 147.0(-0.5)g 150.0 (—0.2)g 160.2 (—0.2)g 170.7 (n.d.)g
3 149.0 (-0.3)v  150.8 (—0.4)v  163.4(—0.3)v  171.5(=0.2)g
4 149.9 (-0.4)g  152.0 (0.0)g  165.5(—0.2)v  174.9 (n.d.)v
5 149.9(—0.3)g 152.7 (n.d.)g 165.8 (—0.5)v 175.0 (n.d.)g
6 155.0 (—0.2)g 168.6 (—0.3)g
7 155.4 (—0.2)v 168.6 (—0.3)v
8 155.7 (n.d.)v
9 156.8 (—0.4)g
10 156.9 (—=0.2)v
11 157.5 (=0.7)v
12 157.6 (0.0)g
13 158.5 (—0.2)g
(mean = 159)

Grains  Veins All

0 ) C)
Ty 157.70  160.3 158.70

SD 9.57 7.94 8.95
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alignment of quartz ribbons and recrystallized tails of
sigmoidal feldspars, suggesting that the intraclast micas
recrystallized during mylonitization.

Conventional K-Ar analysis (Dalrymple & Lanphere
1969) was applied to determine the ages of three samples
of muscovite extracted from fractures in the breccias and
foliated cataclasites. Sample TF24 (Fig. 1) has the
youngest muscovite apparent age of 237 Ma (Late Per-
mian) (Table 3) and is from a coarse-grained breccia at
Dixon Mountain with extensive veining and abundant
cm-sized clasts of vein-quartz. Sample TF23 (Fig. 1)
gives the oldest apparent age of 296 Ma (Pennsylvanian)
and is from the foliated cataclasites surrounding the
breccias at Dixon Mountain. TF17 (Fig. 1), collected
from brecciated quartz-ribbon ultramylonites near Pine
Mountain town (Hadizadeh et al. 1991), yields an appar-
ent age of 269 Ma (Early Permian).

DISCUSSION

Massive silicification, boxwork and open-vein quartz
crystallization, and fluid inclusion data, indicate that the
breccia developed in a brittle regime of probable exten-
sional nature in which dilute (0-1.2 wt% salts) hydro-
thermal fluids were present. While the fine grain-size
and fluxion structure in some of the clasts suggest a
mylonitic origin, the lack of an obvious crystallographic
preferred orientation (interpreted by using a quartz
plate) and the fragmental texture discernible under
plane polarized light, suggest that the clasts are ultra-
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cataclasite. Grains coarser than the 5 um were dis-
tinguished as cataclastic from their angular to subangu-
lar shapes and their enclosing matrix. However, some
finer grains (beyond the resolution of the microscope) in
the foliated cataclasite may be products of recrystalliza-
tion. The similarity between textures produced in
experimental cataclastic deformation (Logan eral. 1979,
Chester et al. 1985, Shimamoto 1989) and textures in the
studied samples suggests that cataclastic flow was the
dominant deformation mechanism in the foliated cata-
clasites of the TFZ. It has been shown that cataclastic
flow can produce both foliation and fluxion structure at
different scales (Chester et al. 1985). The foliated ultra-
cataclasite fragments in the breccia (Fig. 2b) indicate
either that the breccia zone increased in thickness as it
developed, or that the foliated rocks formed in narrow
bands within a breccia zone of fixed thickness and were
later rebrecciated.

Cataclastic deformation involves infiltration of fluids
and significant changes in porosity and permeability
(Stel 1986, Hirth & Tullis 1989). These processes can
result in the loss or gain of argon in muscovite, thereby
complicating interpretation of the K-Ar ages. The dated
muscovites are either relict grains from mylonitization
or they crystallized during the later cataclastic defor-
mation. The occurrence of broken and microfaulted
muscovite grains almost exclusively along intergranular
fractures and cataclastic bands strongly suggests that the
micas in TF23 and TF24 and those which occur along
fractures in TF17 were formed synchronously with
cataclastic deformation and are not relict grains recrys-

Table 2. Trapping temperature (7;) range for fluid inclusions in grains and veins of
foliated cataclasites (see Table 1), using the 1% NaCl equivalent curves of Potter (1977)
for pressure correction (T, = T}, + correction). The pressure gradient (lithostatic) was
assumed to be 25 MPa km™' for a quartzo-feldspathic crust.* Homogenization
temperature (7},) range and mean homogenization temperature taken from Table 1

Correction for Ty,

Trapping temperature (T,)

Depth  minimum  maximum mean minimum  maximum mean
(km) (141°C) (175°C) (159°C) O (°C) (°C)
1 28 23 25 169 193 184
2 46 40 42 187 210 201
3 65 60 62 206 230 221
4 85 80 82 226 250 241
5 105 98 103 246 268 262
6 120 117 120 261 287 279
7 142 140 140 283 310 299
8 160 155 160 301 330 319

*The corrections will be less at all depths if pressure was effective pressure.
Therefore, the depth above which 7, will remain below 300°C will increase. See text for

explanation.

Table 3. Conventional K~Ar apparent crystallization ages of muscovite of the foliated cataclasite
(TF23) and breccia (TF24) at Dixon Mountain, and apparent cooling age of muscovite in
brecciated ultramylonites near the town of Pine Mountain (TF17)

Potassium Radiogenic argon Apparent age

Mass
Sample (g) (%) + (%) (pmolg™) + (Ma) +
TF17 0.0281 4.301 0.043 87.9 2158.77 33.24 268.5 4.6
TF23 0.0268 4.803 0.048  96.6 2675.44 38.55 295.6 4.8
TF24 0.0473 6.359 0.064 84.2 2786.40 44.40 236.5 42




Cataclasis in the Towaliga fault zone, Georgia, U.S.A.

tallized during an earlier mylonitization event. The
presence of mica fish in the ultramylonite clasts in the
breccia of station TF17 suggests that at least some of the
dated muscovites are relict and of mylonitic origin.
Brittle fracture of quartz in the foliated cataclasites and
breccias suggests that muscovite crystallized below
300°C (Voll 1976). Therefore, the conventional K-Ar
muscovite ages most likely represent the time of crystal-
lization during cataclastic deformation rather than cool-
ing ages, except for sample TF17. The 269 Ma apparent
age of muscovite at TF17 is less than the published
cooling age of 300 Ma for mylonites along other seg-
ments of the Towaliga fault zone (Wampler et al. 1970,
Goldberg & Steltenpohl 1988, Kish 1988), probably as a
result of argon loss and/or formation of new muscovite
during cataclastic deformation (along fractures) which
may have mixed with older muscovite during sampling.
The almost 60 Ma difference between the apparent ages
of the foliated cataclasite (TF23) and breccia (TF24) at
Dixon Mountain (Table 3) could be due to the loss and/
or gain of argon during cataclasis. However, the occur-
rence of clasts of ultracataclasite in the breccia suggests
that the breccia is younger. Thus, the 237 Ma muscovite
crystallization age in the breccia may document a differ-
ent episode of cataclastic deformation from the one
during which the foliated cataclasite was formed.

Our muscovite age data suggest that the ductile-
plastic deformation which produced mylonites at least
300 Ma ago (Wampler et al. 1970, Goldberg & Stelten-
pohl 1988, Kish 1988) was followed by ductile-brittle
deformation accommodated by cataclastic flow at
around 296 Ma (Pennsylvanian) when foliated catacla-
sites (TF23) and ultracataclasites around Dixon Moun-
tain were developed. This episode, which most probably
took place at a temperature below 300°C as suggested by
quartz microfabric, was restricted to narrow zones sur-
rounding relatively undeformed pods of quartzitic
rocks. Our unpublished data (using Riedel shears) and
work by Hadizadeh ez al. (1991) show that the kinema-
tics of this cataclastic deformation are consistent with
right-lateral displacement during mylonitization (Stel-
tenpohl 1988, Hooper & Hatcher 1989). This implies
that the proposed normal faulting (Schamel & Bauer
1980, Nelson et al. 1987) did not occur during the first
cataclastic episode at 296 Ma. A second episode, docu-
mented in the silicified breccias of Dixon Mountain,
probably occurred around 237 Ma (Late Permian), or
possibly earlier if there has been argon loss. This episode
involved intermittent brecciation of surrounding unde-
formed rocks and earlier cataclasites, veining, and neo-
mineralization of mica and quartz by hydrothermal
fluids.

CONCLUSIONS

At least two episodes of cataclastic deformation
occurred in the breccia and cataclasites of the TFZ.
Muscovite crystallization ages show that foliated cata-
clasites at Dixon Mountain formed by cataclastic flow at

585

about 296 Ma (during the Alleghanian orogeny) and
later brecciated at around 237 Ma. Our data suggest that
a transition from predominantly crystal-plastic defor-
mation to microscopic brittle deformation occurred at
around 300 Ma along the TFZ. Locally (at TF17),
muscovites in the breccia give an underestimate of the
cooling age of mylonitization along the TFZ probably
due to argon loss during cataclasis and/or mixing of
younger neomineralized muscovite formed during
cataclasis with relict mylonitic muscovite. The proposed
normal faulting along the TFZ (Nelson et al. 1987) is
younger than the 296 Ma foliated cataclasites.

Application of conventional K-Ar dating in cataclas-
tic rocks is complicated by the loss and/or gain of argon
due to fracturing and fluid activity, However, a careful
study of clast composition and fabric and cross-cutting
relationships in cataclastic rocks can help to interpret the
ages more accurately.
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