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Abstract--Over a distance of approximately 20 km, along strike, the Linville Falls mylonite varies in thickness 
from 1 m at LinviUe Falls to >60 m at Banner Elk. Along strike, pressure, temperature and displacement 
variations are minimized, allowing this study to focus on the influences of fluid behavior and protolith mineralogy 
on fault zone development. The protolith at Linville Falls contains mainly K-feldspar, perthite and quartz, while 
at Banner Elk the protolith contains plagioclase and quartz. At Linville Falls, quartz deformed by dynamic 
recrystallization, feldspar by intragranular fracturing and alteration to quartz and mica, and mica by sliding along 
cleavage planes. Modal mineralogies change from the protolith to the mylonite with quartz decreasing from 39 to 
19% and feldspar from 59 to 1.5%; muscovite increases from <1 to 80%. Mean grain size of the quartz and 
feldspar also decreased, from 30 to 20 ixm and from 110 to 50 p,m, respectively. At Banner Elk, deformation 
occurred predominantly by dynamic recrystallization within the quartz and by sliding along cleavage planes in 
mica; no feldspar remains within the mylonite zone. Modal mineralogies change from the protolith to the 
mylonite with quartz and muscovite increasing from 21 to 50% and from < 1 to 44%, respectively. Mean grain size 
of quartz decreases from 60 to 24 p~m. 

Mass-balance calculations, based on major- and trace-element geochemistry, indicate approximately 75% 
volume loss at Linville Falls and 20% at Banner Elk. Fluid-rock ratios estimated from the calculated depletions 
of Si are an order of magnitude higher at Linville Falls than at Banner Elk. Fluids infiltrated the fault zone over a 
thicker zone at Banner Elk than at Linville Falls because the plagioclase altered more readily than K-feldspar, 
creating new pathways for fluids. Fluids migrated preferentially through channels along the fault zone, creating a 
three-dimensional network of higher fluid flow. 

INTRODUCTION 

RECENT detailed studies on fault zones have revealed 
variations in fault zone characteristics (microstructure, 
mineralogy, grain size, thickness, fluid flow, etc.) both 
in the transport direction and perpendicular to the 
transport direction (generally across and along strike, 
respectively) of major and minor thrust faults (e.g. 
Schmid 1975, Sibson 1977, Paul & Woodward 1985, 
Simpson 1985, Wojtal & Mitra 1988). In the transport 
direction, such variations may have several possible 
causes. 

(i) At any one time, mylonites may be present along 
one portion of the fault, while cataclasites may dominate 
along another. Displacement on a fault may carry fault 
rocks formed at one set of pressure and temperature 
conditions to different pressure and temperature con- 
ditions resulting in overprinting relationships (Gibson & 
Gray 1985, Simpson 1985, Wojtal & Mitra 1988, Losh 
1989). 

(ii) With fault propagation, the tip-line of a thrust 
fault may intersect new lithologies which are then incor- 
porated into the fault zone. Under the same defor- 
mation conditions these different lithologies may de- 
form in different manners. Additionally, as 
displacement along the fault increases, fault zone rocks 
become progressively more deformed and the micro- 
structure may be sufficiently changed to allow different 
deformation mechanisms to prevail. For example, a 
change in grain size due to deformation may result in a 

change in the dominant deformation mechanism from 
crystal-plastic or cataclastic to diffusion processes (e.g. 
Schmid 1975, Mitra 1984). 

Perpendicular to the transport direction (along strike) 
variations in fault zone characteristics occur as well. 
Along strike, a major thrust fault may intersect different 
formations, or the lithology of a formation may vary 
influencing deformation behavior. In addition, fluids 
play an important role in fault zone behavior, and the 
amount and composition of fluids infiltrating a fault zone 
may vary along or across strike resulting in different 
deformation mechanisms dominating along different 
segments of the fault. 

We studied fault rocks exposed along the strike of the 
Linville Falls fault zone, North Carolina, where a vari- 
ation in fault thickness of >60 times occurs over a 20 km 
distance. Across the strike, the influence of lithology 
and fluids on fault behavior may be confounded among 
the many different influences such as pressure, tempera- 
ture and displacement. Looking along strike, we assume 
that the present erosion surface approximates a paleo- 
level section, so that pressure, temperature and dis- 
placement were approximately constant. The lithology 
of the hanging wall rocks are similar, except for the 
feldspar mineralogy, which changes along strike. Could 
a change in the type of feldspar influence fault defor- 
mation behavior? In this study we describe the defor- 
mation along the mylonite zone, determine volume loss 
and fluid-rock ratios along the mylonite zone using 
mass-balance calculations based on major and trace 
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Fig. 1. Location map of the Grandfather Mountain window (GFM) in the southern Blue Ridge, U.S.A. Box shows 
location of Fig. 2. Lined pattern indicates Triassic rocks; stippled pattern indicates Proterozoic stratified rocks, 

element geochemistry, and discuss the influence of litho- 
logy, fluids and their interactions on fault deformation 
behavior. 

GEOLOGIC SETTING 

The Linville Falls fault lies in the Blue Ridge struc- 
tural province of the Southern Appalachians in North 
Carolina (Fig. 1). It is the roof thrust of the Grandfather 
Mountain tectonic window (Boyer & Elliott 1982) and 
carries Precambrian granitic basement (in the hanging 
wall) northwestward over footwall rocks made up of 
granitic basement, late Proterozoic Grandfather Moun- 
tain Formation (arkosic basin sediments) and Cambrian 
Chilhowee quartzites. A Rb/Sr whole rock isochron on 
Linville Falls mylonites at Linville Falls yields 302 Ma 
(Van Camp & Fullagar 1982). We studied the portion of 
the fault exposed along the western edge of the window, 
where it dips toward the west-southwest. Crystalline 
basement in the hanging wall is in fault contact with 
cover rocks in the footwall which include the Grand- 
father Mountain Formation arkose to the north and the 
Chilhowee Group quartzites to the south (Fig. 2). The 
basement in the hanging wall of the Linville Falls fault 
on the western edge of the window is Cranberry Gneiss, 
a metamorphic plutonic complex which makes up a large 
portion of the Blue Ridge thrust sheet in the Grand- 
father Mountain area. The Cranberry Gneiss along the 
northern portion of this fault segment is a quartz diorite 

gneiss, and in the southern portion it is granite gneiss. 
The feldspar in the hanging wall rocks of the northern 
portion is plagioclase, while in the southern portion it is 
K-feldspar and perthite. 

Faults consist of a zone of cataclastic or mylonitic 
rocks referred to as the fault zone. Between the fault 
zone and undeformed hanging wall and footwall rocks 
there is typically a region of protomylonitic or brecciated 
rocks. The contact between the mylonite and protomy- 
lonite, or between the cataclasite and brecciated rocks, 
is usually irregular and often can only be arbitrarily 
placed. In cataclastic rocks the contact is often displaced 
by minor faults, or shows embayments and protrusions. 
In mylonitic rocks the transition is gradational and the 
zone of gradation may vary in width. Within the de- 
formed region of the wall rock, movement on the fault is 
also accompanied by populations of minor shear zones 
or arrays of mesoscopic faults that may extend for 
hundreds of meters away from the fault (Wojtal 1986). 
This deformed region has been referred to as a "tran- 
sition zone" (Yonkee 1991), a "damage zone" (Evans 
1991) or, simply as a "protomylonite" (Sibson 1977) in 
mylonitic rocks. In this paper we refer to the major fault 
zone and the deformed hanging wall and footwall rocks 
together as the fault related deformation zone (FRDZ). 
The contact between the FRDZ and undeformed hang- 
ing wall and footwall rocks is also typically irregular, and 
must be defined according to specific meso- or micro- 
scopic evidence for each fault exposure studied. This 
paper focuses on deformation within the FRDZ in the 
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hanging wall of the Linville Falls fault, and assumes that 
the mylonites studied were derived from the hanging 
wall. Our argument for this assumption, together with a 
brief description of the footwall deformation, is dis- 
cussed in a later section. 

Along the Linville Falls fault, deformation is charac- 
terized by ductile behavior with associated retrograde 
greenschist metamorphism giving rise to mylonites 
(fault zone) and protomylonites (within the rest of the 
FRDZ). In the northern segment of the fault, over a 
distance of 9 km, the fault zone mylonite thickness varies 
from at least 60 m to over 100 m at three locations where 
it can be observed (Fig. 2). In the southern segment, at 
two locations 6 km apart, the fault zone mylonite thick- 
ness is only 0.5-1 m. Two exposures, one along each 
segment of the fault, were chosen for detailed study; the 
mylonites are particularly well exposed at both these 
exposures allowing us to compare deformation styles 
between the two segments. The best exposure along the 
northern segment is at Banner Elk and is referred to as 
the Banner Elk exposure; the best exposure along the 
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southern segment is at Linville Falls and is referred to as 
the Linville Falls exposure (Fig. 2). The two exposures 
are approximately 20 km apart along the strike of the 
Linville Falls fault. The following section describes the 
fault zone mineralogy and microstructure at the two 
locations studied. 

MICROSTRUCTURES 
Linville Falls exposure 

The FRDZ at Linville Falls exhibits an approximately 
1 m thick quartz-mica mylonite at the contact between 
the hanging wall gneiss and footwall Chilhowee quartz- 
ite. The hanging wall rocks adjacent to the mylonite are 
protomylonites showing evidence for retrograde alter- 
ation of the feldspar to 7-10 m above the mylonite zone, 
marking the top boundary of the FRDZ within the 
hanging wall; the zone also contains minor shear zones. 
Above this zone, alteration of feldspar is not observed. 



852 J. NEWMAN and G. MnXA 

The protolith at Linville Falls, as determined from a 
sample 50 m above the mylonite zone, is an alkali granite 
gneiss composed of 59% perthite and K-feldspar, 39% 
quartz, with minor amounts of muscovite, biotite, titan- 
ite, ilmenite, magnetite and garnet. The feldspar in the 
protolith is 25% K-feldspar and 75% perthite, as deter- 
mined by optical analysis on thin sections stained for K 
and Na and confirmed by scanning electron microscope 
(SEM) energy dispersive analyses of X-rays (EDAX). 
These analyses indicate that the perthite in the protolith 
is Ab55 Or45 and the K-feldspar is Or100. The protolith 
shows a coarse gneissic fabric. Intragranular fractures 
within the feldspars filled with recrystallized quartz are 
evidence of weak deformation beyond the FRDZ (Fig. 
3a). 

Approximately 3 m above the mylonite zone, a folia- 
tion is defined by quartz ribbons composed of dynamic- 
ally recrystallized grains and thin (5-10 Ixm) strands of 
muscovite (Fig. 3b). The feldspars contain no perthite; 
the compositions of all remaining feldspar range from 
Or97 to Or99. The modal percentage of feldspar drops 
from 59% in the protolith to 8% at 3 m above the 
mylonite zone. Also, modal abundances of muscovite 
and quartz increase from <1 to 27% and from 39 to 
60%, respectively (Fig. 5a). 

At a distance of 0.6 m above the mylonite zone the 
feldspar fragments are less angular, and are surrounded 
by muscovite, opaques, and some quartz (Fig. 3c). The 
growth of aligned muscovite and quartz between frag- 
ments indicates extension between feldspar fragments 
pulled apart after cracking. Quartz augen show subgrain 
and new grain development in a core and mantle struc- 
ture, and asymmetric tails of mica, quartz and opaques 
appear around the feldspar and quartz augen. 

At the outer boundary of the mylonite zone the modal 
percentage of feldspar in the rocks drops from 10 to 
1.5%, and the percentage of muscovite increases from 
34 to 80%. The modal percentage of quartz, on the other 
hand, changes its trend and drops from 39 to 19% (Fig. 
5a). Bands 5-6 mm thick of strongly foliated and often 
crenulated mica and fine-grained quartz alternate with 
3--4 mm thick bands of quartz and feldspar augen and 
opaque grains in a mica and quartz matrix. Many feld- 
spar augen and some quartz augen are fractured (Fig. 
3d). In the center of the mylonite zone, quartz and 
feldspar bands are fewer in number and thinner. The 
mylonite consists predominantly of strongly foliated 
muscovite. 

Grain size is an important variable in fault zone 
deformation and the formation of a mylonite generally 
involves a reduction in grain size. We discuss grain size 
distribution data in this paper in addition to trends of 
mean grain size as this gives additional information 
about deformation behavior along a fault zone. Mean 
grain sizes and grain size distributions were determined 
by a lineal analysis using an integrating stage. We 
measured the chord lengths of each grain intersected in 
transects across the thin section (Mitra 1978). We com- 
pleted four transects per thin section along lines parallel, 
perpendicular, and at _ 45 ° to the foliation. Grain size 

distributions were calculated using Spektor's chord 
analysis assuming a polydispersed system of spheres 
(Underwood 1970, p. 126). 

Grain size distributions for quartz for each sample 
exhibit a log-normal distribution, and the distributions 
are unimodal (Fig. 6a). The feldspar grain size distri- 
butions are also generally logarithmic, but not unimodal 
(Fig. 6b). The distributions for most samples reveal one 
high peak at 20 ~m and several shorter peaks at larger 
grain sizes. Approaching the center of the mylonite zone 
there is a general decrease in the height of peaks at grain 
sizes greater than 50 wm. Because the grain size distri- 
butions are logarithmic the following discussion uses 
geometric mean grain size which represents the value 
with the greatest frequency of grains. 

Comparing mean grain sizes of protolith grains with 
mylonite grains (Fig. 5b) indicates a slight reduction in 
the grain size of the quartz (from 30 to 20 p~m). The 
feldspar grain size drops from 110 to 70 p~m at the 
boundary between the protolith and the FRDZ, and 
again at the top of the mylonite zone to 30 wm. These 
changes coincide with the points where the modal per- 
centages of feldspar in the rock decrease. 

The changes in modal composition across the fault 
zone at Linville Falls reflect gross chemical changes 
which are also apparent in whole rock analyses (Fig. 5c). 
There is a sharp decrease in the proportion of silica 
within the mylonite zone, and a corresponding increase 
in A1203, K20 and Fe203. Many trace elements (Rb, V, 
Y, Cr) show a relative increase within the mylonite zone 
(Fig. 5d). The mineral reactions that are observed in the 
FRDZ (described in a later section) indicate open sys- 
tem behavior. 

Banner Elk exposure 

At the Banner Elk exposure a 60 m thick exposure of 
hanging wall quartz-mica mylonite is juxtaposed against 
footwall arkoses of the Grandfather Mountain Forma- 
tion. A slice of quartzite, approximately 1.5 m wide, 
crops out 40 m above the contact with the footwall 
arkose; such tectonic slices of quartzite occur frequently 
within the Linville Falls fault zone (Bryant & Reed 
1970). The protolith of the mylonitic rocks (Fig. 4a), 
estimated from an undeformed sample about 500 m 
above the fault zone, is a quartz diorite gneiss containing 
59% plagioclase feldspar, 21% quartz, 13% biotite and 
trace amounts of muscovite. The feldspar consists of 
albite as the main phase with anorthite exsolution and 
alteration to muscovite within the grains (determined by 
SEM EDAX analyses) in approximately equal, but 
minor, amounts. 

No feldspar remains in the mylonitic rocks of this fault 
zone exposure. No general changes or trends in textures, 
modal composition, mean grain size or chemical data 
were observed across the mylonite zone, although minor 
changes do occur within the vicinity of the quartzite slice 
(Figs. 5e-h). Comparing the modal composition of the 
protolith with the average modal composition of the 
mylonites indicates an increase in the proportions of 
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quartz from 21 to 50%, and muscovite from 1.4 to 44%. 
Compositions of individual samples are shown in Fig. 
5(e). The quartz grain size distributions within the 
mylonite zone at Banner Elk follow a log-normal distri- 
bution and are unimodal (Fig. 7). Quartz augen exhibit 
subgrain and new grain development and the mean grain 
size of the quartz is reduced from 60 I~m in the protolith 
to 24 ~m in the mylonite. 

The foliation in these mylonite rocks is defined by 
elongated quartz augen, recrystallized quartz ribbons 
and the aligned muscovite grains (Fig. 4b). Asymmetric 
tails of quartz or quartz and muscovite are common 
around the quartz augen. The quartz augen also contain 

many intragranular cracks. Often the cracks are lined 
with subgrains and new grains of quartz, particularly 
those cracks that are parallel or slightly oblique to the 
foliation (Fig. 4c). Fractured augen are often offset, and 
fragments are pulled apart (Fig. 4d). Thin recrystallized 
quartz veins (<10 t~m wide) cut across the foliation at 
high angles; because the veins have not undergone 
significant amounts of rotation in this zone of high 
shearing they probably developed late in the defor- 
mation history (Fig. 4b). Some veins are offset by mica- 
rich matrix, suggesting that the matrix was still deform- 
ing in a ductile manner after the development of the 
veins. Within the mica-rich zones, solution seams cross- 
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cut the mylonitic foliation, indicating that solution 
occurred later in the deformation. The seams that are 
perpendicular to the foliation are toothed stylolites, 
those parallel and oblique to the foliation are planar or 
curviplanar (Fig. 4b). Transgranular cracks and micro- 
faults appear in the quartz-mica mylonite within 8 m of 
the contact of the basement with the footwall arkose. 

INTERPRETATION OF MICROSTRUCTURES 

Linville Falls exposure 

Deformation along the fault at the Linville Falls 
exposure occurred primarily by fracturing of feldspar, 

the alteration of feldspar to muscovite and quartz, and 
the continued grain size reduction of quartz by dynamic 
recrystallization of quartz augen. The alteration of feld- 
spar is supported by modal composition data. The de- 
creases in the modal amounts of feldspar from the 
protolith to the FRDZ coincide with increases in the 
proportions of quartz and mica within the FRDZ. The 
increasing proportions of quartz and mica suggest that 
reaction softening (White & Knipe 1978) contributed to 
the deformation. Slip along the (001) planes of the 
increasingly prevalent aligned mica grains allowed for an 
increased strain rate resulting in the further fracturing of 
the feldspar and some quartz augen due to localized 
stress build-up at the grain boundaries (Mitra 1978). 
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The reduction in mean grain size of feldspar further 
supports this interpretation. A heterogeneous grain size 
distribution (Fig. 6b) is common where grain size re- 
duction takes place by fracturing (Schmid 1983). The 
trends are complicated, probably reflecting that the 
grain size reduction took place by a combination of 
fracturing and alteration to quartz and mica. The sharp 
unimodal size distributions of the quartz grains (Fig. 6a) 
probably indicate that a steady-state recrystallized 
quartz grain size had been reached within the mylonite 
zone. 

The microstructures and the trends in modal compo- 
sition suggest that the following feldspar breakdown 
reactions occurred: 

2NaAISi308 + KAISi308 + 2H + = 
albite K-feldspar 

KAI3SiaO10(OH)2 + 6SIO2 + 2Na + (1) 
muscovite quartz 

or 

1.5KAISi308 + H ÷ = 
K-feldspar 

0.5KA13Si3010(OH)2 + 3SIO2 + K +. (2) 
muscovite quartz-silica (aq) 

It is important to note that the reactions require an 
increase in the proportion of quartz as well as muscovite 
with the alteration of feldspar. Figure 5(a) shows, how- 
ever, that while there is an increase in the proportion of 
quartz from the protolith to the FRDZ,  there is a sharp 
decrease in the proportion of quartz within the mylonite 
zone. Also, although within the FRDZ,  both quartz and 
muscovite are observed around the edges and along 
fractures within the feldspar augen, it is much more 
common for only muscovite to appear surrounding the 
feldspar augen within the mylonite zone. This suggests 
that quartz was dissolved and transported out of the 
system during or after the feldspar-breakdown reaction, 
leaving a muscovite-rich rock. 

Dissolution of silica during the feldspar-breakdown 
reaction has been noted by other authors (e.g. Losh 
1989, O'Hara 1990). At Linville Falls, however, dissolu- 
tion involved not only silica from the breakdown of the 
feldspar, but also protolith quartz, as indicated by the 
lower proportion of quartz and SiO2 in the mylonite than 
in the protolith. We do find an initial increase in the 
modal percent of quartz in the outer portion of the 
FRDZ, which presumably resulted from the crystalliz- 
ation of quartz from the breakdown of the feldspar. The 
paucity of SiO2 within the mylonite zone indicates that 
the quartz dissolution occurred primarily along the 
narrow mylonite zone observed at the contact with the 
footwall. 

Banner Elk exposure 

At Banner Elk, the alteration of feldspar is also 
indicated by the loss of feldspar and the increases in the 
proportions of quartz and muscovite. The grain size of 
the quartz is reduced by dynamic recrystallization and 

presumably by the crystallization of fine-grained quartz 
from feldspar breakdown. Reaction softening (White & 
Knipe 1978), indicated by the alteration of feldspar to 
quartz and muscovite, thus contributed to the defor- 
mation. Slip of the mica served as a softening mechanism 
allowing for continued motion along the fault, offsetting 
veins and augen. In addition, the fine grain size of the 
recrystallized quartz may have contributed to a switch in 
the dominant deformation mechanism of the quartz 
from dynamic recrystallization to diffusion processes 
(White 1976, Mitra 1978), indicated by pressure shad- 
ows adjacent to quartz augen, further contributing to the 
ductile flow (Wojtal & Mitra 1986). As at Linville Falls, 
the ductile flow of the mica and quartz may have allowed 
for an increased strain rate resulting in fracturing of the 
quartz augen. One sample 1 m from the footwall 
exhibited less SiO2 than other samples from the myloni- 
tic rocks (Fig. 5e) perhaps indicating that quartz dissol- 
ution occurred only locally at Banner Elk. 

The transgranular cracks and microfaults that appear 
within the hanging wall close to the contact with the 
footwall arkose (which exhibits cataclastic deformation) 
suggest that late in the deformation the hanging wall 
moved up into the elastico-frictional regime (Sibson 
1977). These features are not pervasive, however, and 
probably do not account for much of the deformation. 

COMPARISON OF THE TWO EXPOSURES 

The quartz-mica microstructures within the mylonite 
zone at the two exposures show similar deformation 
features. The quartz has deformed by dynamic recrystal- 
lization. The feldspar has altered to muscovite and 
quartz so that little or no feldspar remains, and the 
proportion of muscovite has increased from the proto- 
lith to the mylonite at both exposures. The proportion of 
quartz in the protolith at Banner Elk (21.4%) is lower 
than at Linville Falls (39.0%). Yet at Banner Elk the 
ratio of quartz to muscovite (1.3) in the mylonite zone is 
significantly higher than at Linville Falls (0.25). Also, 
there is a greater volume of altered rock (quartz-mica 
mylonite with little or no feldspar remaining) at Banner 
Elk than at Linville Falls (>60 m thickness vs 1 m 
thickness). An important difference is the type of feld- 
spar in the protoliths at the two exposures: K-feldspar 
and perthite at Linville Falls, plagioclase at Banner Elk. 
In addition, the behaviors of major and trace elements at 
the two exposures differ. There is a marked increase in 
many trace elements and major oxides within the mylon- 
ite zone at Linville Falls, and a decrease in silica. At 
Banner Elk there do not appear to be significant changes 
in element concentrations between the protolith and the 
mylonite. 

The differences observed between the two fault ex- 
posures suggest possible explanations for the variations. 
First, the decrease in quartz, and the sharp decrease in Si 
within the mylonite zone suggest that volume loss may 
have occurred at Linville Falls resulting in a thinning of 
the fault zone there. The increased concentration of 
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relatively insoluble elements (Figs. 5c&d) further sup- 
ports the possibility of volume loss. Second, the larger 
volume of altered rocks observed at the Banner Elk 
exposure suggests that more fluids may have infiltrated 
the fault zone at Banner  Elk, altering the feldspar to 
muscovite and quartz over a larger thickness of rock. 
These possibilities are discussed in following sections. 

VOLUME LOSS 

To investigate the possibility of volume loss, major 
oxide and trace element concentrations were plotted on 
isocon diagrams (Grant  1986) (Fig. 8). These diagrams 
compare element  concentrations in the altered rock 
(mylonite) to concentrations in the original rock (proto- 
lith). A 1:1 correspondence between altered rock and 
original concentrations would indicate that an element 
had not been depleted or augmented during defor- 
mation. 

At  Linville Falls enrichment is seen in the mylonite in 
the following major oxides (Fig. 8a): Fe203, TiO2, 
MgO, A1203, K20,  BaO and MnO. BaO and MnO are 
present in such low amounts that their significance can 
be discounted. A1203 is relatively immobile (Hem 
1978), as are MgO and TiO2 (Correns 1978), although 
AI mobility may be important  in deforming rocks 
(Dipple et al. 1990). Trace elements V and Cr, also 
considered relatively immobile, are also enriched in the 
mylonite. V, which may have substituted for AI or K in 
the feldspars, could have moved into the forming musco- 

vite. Cr most likely remained in the insoluble magnetite 
and ilmenite. It is unlikely that the enrichment of these 
elements resulted from their movement  into the system. 
Rather,  we infer that the enrichment of these elements is 
the result of the depletion of SiO2 and other  soluble 
oxides such as Na20 and CaO. 

From this inference, it is possible to estimate the 
volume loss of the system from the concentration of the 
relatively immobile elements (Kerrich et al. 1980, 
O 'Hara  1988). As there is a wide range of variability in 
the enrichment of these elements, and in their partition- 
ing behaviors, it is only possible to establish a range for 
the possible volume loss. We used the enrichment of 
A1203 as a lower bound, and the enrichment of V as an 
upper bound to establish two isocons at Linville Falls. 
The slope of the isocon determines the volume loss 
according to the equation (O 'Hara  1988): 

Ci/Co = 1 / (1-  V), 

where Ci represents the concentration of the element in 
the deformed state, Co is the concentration of the 
element in the original state, and V represents the 
volume loss. A lower bound of 60% and an upper bound 
of 90% volume loss are suggested from the data. 

At Banner Elk elements appear to have behaved quite 
differently (Fig. 8b). The enrichment of immobile ele- 
ments in the mylonite is not as marked as seen at Linville 
Falls, although a small amount  of enrichment is seen, 
particularly in MgO, TiO2, Cr, V and Rb. Using TiO2 as 
a lower bound and Cr as an upper bound, volume loss at 
Banner  Elk is estimated at 6-30%, substantially lower 
than the range suggested at Linville Falls. 
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VOLUME OF FLUIDS 

The fluid-rock ratios and the total volume of fluids 
infiltrating the fault zone at the two exposures may also 
have influenced the structure of  the fault zone. The 
fluid-rock ratio may be related to volume loss along the 
mylonite zone. Also, more  fluids may have infiltrated 
the fault zone at Banner  Elk than at Linville Falls, 
resulting in the greater  thickness of  altered rocks seen 
there. To compare  fluid-rock ratios and the total vol- 
umes of fluid that infiltrated the Linville Falls fault at the 
two exposures,  an estimation was accomplished in three 
steps. First, to determine the amount  of  silica lost at each 
exposure we used Gresens 's  (1967) equation relating 
rock density and volume loss with chemical changes 
during deformat ion and metamorphism.  Second, we 
est imated fluid-rock ratios by determining the amount  
of  fluid necessary to cause the observed loss of silica, 
assuming mid-greenschist grade conditions; and, third, 
to compare  the volume of fluids that infiltrated the fault 
zone at each exposure,  we multiplied the fluid-rock 
ratios by a column of rock of unit cross-sectional area 
and height equal to the thickness at each exposure prior 
to volume loss. 

Gresens 's  (1967) equat ion allows gains and losses of 
mobile elements,  such as SIO2, to be calculated once 
volume change has been established. The equation re- 
lates rock densities (calculated f rom modal mineralogy 
of the rocks) of  the protoli th and altered rocks [2.67 g 
cm -3 (protolith) and 2.80 g cm -3 (mylonite) at Linville 
Falls, and 2.69 g cm -3 (protolith) and 2.72 g cm -3 
(mylonite) at Banner  Elk] and volume loss with chemi- 
cal changes during deformation,  Mean values for vol- 
ume loss at each exposure (75 and 20% at Linville Falls 
and Banner  Elk, respectively) were used to write the 
following equations. 

Linville Falls: 

100 g gneiss - 63.9 g SiO2 - 3.3 g A1203 - 2.8 g K20  - 
2.7 g Na20  - 0.2 g Fe203 - 0.2 g CaO - 0.2 g P205 = 

26.6 g mylonite + 0.2 g TiO2 + 0.1 g MgO. 

Banner  Elk: 

100 g gneiss - 7.3 g SiO2 - 6.3 g A120 3 - 3.4 g Na20  - 
3.3 g K 2 0  - 1.3 g CaO - 0.3 g P205 = 

78 g mylonite + 0.02 g MgO + 0.3 g Fe203. 

Fluid-rock ratios were determined using the losses of 
SiO2 and a quartz solubility for mid-greenschist grade 
(400°C, 4 kb) of  0.3 wt% (Currie 1968). 

Many assumptions are necessary in estimating the 
fluid-rock ratio. First, lithologic variations in the parent  
rock may lead to under- or overest imation of the amount  
of silica dissolved. Underest imat ion of the fluid-rock 
ratio may also result f rom the assumption that once the 
fluids entered the fault zone they became saturated with 
silica. The fluid flux may not have allowed the time 
necessary for saturation. In addition, while the prior 
concentration of silica in the infiltrating fluids will limit 
the amount  of  silica dissolution that can take place, high 
salinity and high p H  may increase the solubility of quartz 

Table 1. Fluid-rock ratios and volumes of fluid infiltrating the fault 
zone at Linville Falls and Banner Elk assuming a range of values for 
silica saturation of fluids. Values for volume losses are based on the 

ranges of volume loss estimated for each exposure 

Silica Linville Falls Banner Elk 
saturation Fluid-rock Volume fluid Fluid-rock Volume fluid 

(%) r a t i o  (m 3) r a t io  ( m  3) 

60% volume loss 10% volume loss 

0 182 4.6 × 102 0.1 6.7 
50 365 9.1 × 103 0.2 1.3 X 10 ~ 
90 1825 4.6 × 10 3 1 6.7 × 101 

75% volume loss 20% volume loss 

0 213 8.5 x 102 24 1.8 × 103 
50 426 1.7 X 10 3 48 3.6 × 103 
90 2130 8.5 x 103 242 1.8 x 104 

90% volume loss 30% volume loss 

0 244 2.4 × 10 3 48 4.0 x 103 
50 487 4.9 X 10 3 96 8.2 × 10 3 
90 2436 2.4 × 104 483 4.1 × 104 

(Fournier 1985). Previous discussions of fluid-rock 
ratios have assumed 100% undersaturat ion as the prior 
concentration of infiltrating fluids (e.g. Losh 1989), or, a 
range of saturation (50 and 90%, O ' H a r a  1988). Sinha et 

al. (1986) have determined the degree of saturation 
possible assuming a change in tempera ture  resulting 
from the migration of fluids up the fault zone. The 
method chosen influences the est imated fluid-rock ratio 
significantly, by more  than an order  of magnitude in 
some instances (e.g. O ' H a r a  1988, this study). We have 
no data on the silica concentration of the infiltrating 
fluids prior to entering the fault zone, or the fluid flux. 
Thus we have estimated the fluid-rock ratio over  a wide 
range of saturation levels and over  the ranges est imated 
for volume loss at each exposure (Table 1). This will 
allow some degree of comparison with estimates made 
by other workers.  

Comparison between the two exposures under  any set 
of the given conditions shows that the fluid-rock ratio at 
Linville Falls is at least an order of magnitude greater  
than at Banner  Elk. Most of the assumptions described 
above lead to an underest imation of the fluid-rock ratio. 
Also, for fluids present  in the host rocks a high degree of 
saturation with respect to quartz may be expected at 
greenschist grade temperatures  (approximately 400°C) 
(Rimstidt & Barnes 1980). Therefore ,  an est imated 
fluid-rock ratio assuming that the infiltrating fluids were 
at least 90% saturated with quartz prior to entering the 
fault zone may be the most  realistic. Assuming mean 
values for volume loss and that fluids were 90% satu- 
rated prior to entering the fault zone, f luid-rock ratios of 
2130 at Linville Falls and 242 at Banner  Elk are required 
to cause the silica depletions observed. 

To estimate the volume of fluid that infiltrated the 
fault zone at the two exposures we multiplied the fluid- 
rock ratios by columns of rock with unit cross-sectional 
area and height equal to the thickness of the fault zone 
prior to deformation at the two exposures (Table 1). 



Assuming mean volume losses and that fluids were 90% 
saturated with silica prior to entering the fault zone, we 
estimate 0.85 × 104 m 3 fluid infiltrated the fault at 
Linville Falls, and 1.8 × 104 m 3 at Banner Elk. Approxi- 
mately twice as much fluid infiltrated the fault zone at 
Banner Elk as at Linville Falls, but the amounts are 
within the same order of magnitude. 

DISCUSSION 

Fig. 9. Schematic sketch illustrating the island and channel structure 
of a fault zone (FZ). 

Why is the structure of the fault zone different at the 
two exposures? At Linville Falls the fault zone is thin, 
has experienced significant volume loss and had a high 
fluid-rock ratio. The fault zone at Banner Elk is thick, 
has experienced very little volume loss and had a com- 
paratively low fluid-rock ratio. In addition, a larger 
volume of fluid infiltrated the fault zone at Banner Elk 
than at Linville Falls. Although the lithologies of the 
hanging wall at both exposures are similar, the differ- 
ences in feldspar mineralogy may have influenced the 
structure of the fault zone at the two exposures. At 
Linville Falls perthite (44%) and K-feldspar (15%) 
predominate, while at Banner Elk plagioclase feldspar 
(59%) predominates. At Banner Elk the plagioclase 
feldspar seen in the protolith has been completely 
altered to quartz and muscovite in the mylonite. At 
Linville Falls, the plagioclase in the perthite is not 
present in the mylonite or in the FRDZ. K-feldspar is 
still observed in the FRDZ, and in trace quantities 
within the mylonite zone. 

The alteration of plagioclase appears to have occurred 
more readily than the alteration of K-feldspar. Within 
the northern Blue Ridge, the opposite sequence is seen: 
the proportion of K-feldspar is reduced before plagio- 
clase feldspar in traverses approaching the center of 
basement shear zones (Mitra 1978). The composition of 
infiltrating fluids may influence the reaction that takes 
place. The alteration of feldspar to muscovite and quartz 
results in volume change and high permeability (Ether- 
idge et al. 1983, 1984). The weak bonding between (001) 
planes in layer silicates results in higher porosity than in 
the strongly bonded framework silicates (Etheridge et 
al. 1983). Additionally, the alteration of feldspar com- 
bined with the grain size reduction of quartz create new 
grain boundaries further increasing permeability. This 
combined with increased porosity due to microcracking 
in feldspar and quartz grains may have given rise to an 
effective interconnected porosity, influencing per- 
meability and fluid mobility (Etheridge et al. 1983). We 
suggest that along the Linville Falls fault zone, fluids 
were able to infiltrate a larger volume of rock at Banner 
Elk because the alteration of plagioclase occurred 
readily, creating new pathways for fluids. At Linville 
Falls the K-feldspar did not alter as readily as the 
plagioclase so that the infiltration of fluids was more 
difficult. As new infiltrating pathways were difficult to 
create, one zone was preferred, resulting in a thin zone 
with a very high fluid-rock ratio. 

The fluid-rock ratio at Linville Falls is an order of 
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magnitude higher than at Banner Elk. Locally, substan- 
tially more fluids passed through the thin zone at Linville 
Falls. This high fluid-rock ratio may have helped to 
accomplish the large volume loss estimated for Linville 
Falls as discussed previously. The fluids resulted in the 
alteration of feldspar, and reaction softening coupled 
with the dissolution of silica helped to localize the strain. 
Slip along mica cleavage planes then accommodated 
much of the strain along the thin zone. 

At Banner Elk, however, the dissolution of the feld- 
spar and precipitation of quartz and mica did not result 
in such a high degree of strain localization. Discussions 
on the initiation of shear zones suggest that metamor- 
phic reactions may occur in the earliest stages of shear 
zone formation (Mitra 1978, Beach 1980). Vernon & 
Flood (1988) showed that the degree of localization of 
strain during greenschist grade regional metamorphism 
in granitoid rocks is dependent on the ratio of strong 
(e.g. feldspar) to weak (e.g. quartz and mica) minerals; 
as the ratio decreases, localization of strain is less likely. 
If the feldspar-breakdown reaction occurred over a 
great thickness at Banner Elk, a wide zone of weakness 
was created, and localization of the strain was not 
favored. 

Variations in fluid flow along a fault zone may be 
considered somewhat analogous to the grain boundary 
model of islands and channels (Mott 1948, Raj & 
Chyung 1981), where the surface of contact between two 
grains consists of 'islands', thick regions of distorted 
structure with relatively good fit, separated by 'chan- 
nels', thin zones of poor fit containing fluid. By analogy, 
a fault zone is a boundary between two sheets of rock. 
The regions of lower fluid flow along the fault zone are in 
essence, 'islands', thick deformed zones that allow fault 
zone fluids to infiltrate into surrounding rocks; regions 
of higher fluid flow are 'channels', thin zones that allow 
migration of fluid along the fault zone (Fig. 9). Fluids 
migrate preferentially through the channels, creating a 
three-dimensional network of higher fluid flow along 
portions of the fault zone. Along the Linville Falls fault, 
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the portion of the fault at the Linville Falls exposure may 
represent a channel, a thin zone with a high fluid-rock 
ratio; the portion of the fault exposed at Banner  Elk may 
have served as an is land--a thicker zone with low fluid- 
rock ratio. In this instance, more total fluids may have 
infiltrated the 'island', despite the higher fluid-rock 
ratio along the 'channel' .  

The source of the fluids that infiltrated the fault zone is 
unknown, but probably had a large influence on the 
volume loss behavior. The fluids may be derived from 
surface waters that infiltrated down the fault zone. 
Surface waters would have low silica saturation, favor- 
ing a larger volume loss. Alternatively, the fluids may be 
derived from the dewatering of sedimentary rocks in the 
footwall. These fluids might be more highly saturated 
with silica, resulting in less volume loss. Our data do not 
allow us to distinguish between these two possibilities. 

This discussion has concentrated on the changes 
occurring between the hanging wall rocks and the 
mylonitic fault rocks at both exposures. The footwall 
rocks were not discussed here for two reasons. First, the 
lithologies of the footwalls at the two exposures are 
significantly different from one another. At Linville 
Falls, the footwall is a quartzite, and contains predomi- 
nantly clastic grains of quartz with some K-feldspar and 
mica. At Banner Elk the footwall is a poorly sorted 
arkosic sandstone, and contains angular to subrounded 
clastic grains of quartz, K-feldspar, and plagioclase in a 
groundmass of quartz, K-feldspar and mica. The pro- 
portion of mica varies a great deal at a mesoscopic 
(outcrop) scale near the F R D Z  at Banner Elk. Second, 
the deformation styles of the footwall rocks at the two 
locations also differ substantially from one another.  At 
Linville Falls the quartzite deformed like the hanging 
wall rocks at that location, in a ductile manner.  Quartz 
deformed by dynamic recrystallization, and feldspar 
grains fractured and altered to quartz and mica. At 
Banner Elk, the footwall rocks exhibit both feldspar and 
quartz fragments deformed by fracturing. Feldspar also 
deformed by alteration to quartz and mica. There  is no 
evidence for the dynamic recrystallization exhibited by 
quartz in the hanging wall rocks. The crystal-plastic 
microstructures in the hanging wall rocks at Banner  Elk 
are overprinted by late stage cataclastic deformation. 
The contact between the hanging wall rocks and the 
cataclastically deformed footwall rocks is quite sharp, 
with 5-15 cm of very fine-grained strongly deformed 
rock. As the footwall rocks do not display evidence for 
earlier crystal-plastic deformation,  the mylonitic rocks 
could not possibly have been derived from the footwall 
rocks now adjacent to the fault. The mylonites have 
clearly moved with the hanging wall rocks from some 
other  location. It is therefore futile to compare the 
footwall rocks with the mylonitic fault rocks at this 
location. 

At Linville Falls it is less clear whether the mylonite 
rocks observed were derived from the hanging wall or 
the footwall. Samples of the mylonite were collected 
from the center of the mylonite zone and the region of 
the mylonite adjacent to the hanging wall to lessen the 

possibility that they were derived from the footwall. In 
addition, it should be noted that if the mylonites were 
derived from the footwall quartzites, the depletion of 
silica within the mylonite relative to the footwall rocks 
would be even greater than that relative to the hanging 
wall. This would suggest an even higher value for the 
volume loss at the Linville Falls exposure. 

CONCLUSIONS 

The thickness of the Linville Falls fault zone varies 
over more than one order  of magnitude at two distinct 
locations along the strike of the fault, separated by 20 
km. The influences on this variation include: (1) signifi- 
cant volume loss at Linville Falls, predominantly by the 
dissolution of silica, contributed to a thinning of the fault 
zone there; (2) the exposure at Linville Falls experi- 
enced a higher fluid-rock ratio than the exposure at 
Banner Elk. Yet a greater volume of fluid may have 
infiltrated the fault zone at Banner  Elk than at Linville 
Falls; and (3) the different feldspar mineralogy of the 
protoliths at the two fault exposures (plagioclase at 
Banner  Elk and K-feldspar and perthite at Linville Falls) 
contributed to the different deformation behaviors ob- 
served at the two fault exposures. Plagioclase at Banner  
Elk altered to quartz and muscovite more readily than 
K-feldspar at Linville Falls, creating pathways for fluids 
over a thicker zone at Banner Elk. One thin zone, with a 
high fluid-rock ratio was preferred at Linville Falls. 

Variations in fluid flow along a fault zone is analogous 
to the grain boundary model of islands and channels. 
Fluids may migrate preferentially through channels, 
creating a three-dimensional network of higher fluid 
flow along portions of the fault zone. 
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