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Phyllonitization and development of kilometer-size extension gashes in a 
continental-scale strike-slip shear zone, north Goiis, central Brazil 
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Department0 de Geologia, Universidade Federal de Ouro Preto, 35.400-000, Ouro Preto, MC. Brazil 

Abstract-Several km-scale, vertical extension gashes occur in a low metamorphic grade, strike-slip shear zone 
in central Brazil. These mega-gashes show many of the characteristics commonly found in en echelon exten- 
sion gashes of cm and outcrop scale, reflecting a wide range of scale-invariance for this phenomenon. The 
gashes are filled with quartz veins which commonly host gold mineralization. Microstructures show a progress- 
ive deformation of the original cavity-infilling vein structures towards the gash margins. Logarithmic plots of 
length vs thickness for gashes from thin-section outcrop and air photograph scales define a power law 
L = Il.4 PI’)‘. Logarithmic plots of cumulative frequency define curves with power-law segments whose slopes 
indicate ‘fractal dimensions’ D around I .4-l .5 for both length and thickness. The phyllonite zones adjacent to 
the mega-gashes are interpreted to exert a crucial role in their development. Calculations show that the 
amount of quartz depleted in the phyllonite zones correspond to the amount of quartz precipitated in the 
mega-gashes (-7 x IO’ m3). Volumes of fluid in the order of 10”‘m3 must have been channelled through the 
opened fractures to precipitate such an amount of quartz. We conclude that these mega-gashes have developed 
from continuous propagation and opening of tension fractures in zones relatively preserved from phyllonitira- 
tion (protomylonites). It is suggested that the development of kilometric extension gashes in the non-phylloni- 
tic domains produces a volume gain in response to the volume loss produced in the phyllonite zones. The 
whole shear zone is envisaged. therefore. as an isovolumetric system with alternating lateral zones of volume 
loss (phyllonites) and volume gain (extension gashes). (‘ 1998 Elsevier Science Ltd. All rights reserved 

INTRODUCTION 

This paper reports the occurrence of km-scale, vertical 

extension gashes formed during activation of the 
Cavalcante-Teresina strike-slip shear zone in north 
Go&, central Brazil. These mega-gashes are comple- 
tely filled with quartz veins up to hundreds of meters 
thick and show many of the recognizable geometrical 
and textural characteristics commonly described in 
extension gashes of cm and m scale (e.g. Hancock, 

1972; Beach. 1975; Durney, 198 1; Ramsay and Huber, 
1987, p. 603; Rothery, 1988; Nicholson, 1991) reflect- 
ing a wide range of scale-invariance for this phenom- 
enon. These common characteristics are: (I) 

development of an array with several subparallel veins; 
(2) individual extension veins generally oriented at 45” 
to the shear plane when observed in the plane XZ of 
finite strain; (3) presence of sigmoidal veins with a 
rotated central segment whose terminations are 45’ 

oblique to the shear plane; (4) presence of cavity-infill- 
ing microstructures in the vein material; and (5) evi- 
dence for superimposed deformation in both veins and 
host rocks. We therefore believe that these gashes re- 
present a superb natural laboratory to study the pro- 
cesses responsible for gash fractures and vein infilling 

in a simple shear kinematic framework. Apart from 
this, the kilometric dimensions of the infilling quartz 
veins reflect an extreme fluid influx and silica mobility 
in this shear zone. These gash veins are also an im- 
portant prospecting target in the region as they host 
an unusual style of sulfide-free gold mineralization as- 

sociated with palladium and platinum (Massucatto 
and Hippertt, 1996). In this paper, we present a 
description and a brief discussion concerning the devel- 
opment of these spectacular structures. 

STRUCTURAL SETTING 

The Cavalcante-Teresina strike-slip shear zone 
(Fonseca and Dardenne, 1993) is one among the many 
continental-scale, strike-slip movement zones that 
characteristically appear in the root of the Brazilian- 
Pan-African erogenic belts (600 Ma) of the Brazilian 
shield. The profusion of these strike-slip movements is 
a result of continental collision during the development 
of the Brazilian-Pan-African mobile belts (Vauchez et 
NI., 1995). The Cavalcante-Teresina shear zone 
appears in air photographs and Landsat images as a 
well-defined lineament oriented N40-60E in the north- 
west margin of the Sao Francisco craton. This shear 
zone extends from the Pirineus inflection (a domain of 
convergence of major strike-slip fault zones in central 
Brazil), and appears to continue for more than 1000 
km to the northeast, beneath the Phanerozoic 
sequences of the Parnaiba basin. The Cavalcante- 
Teresina shear zone probably connects with the 
Senador Pompeu shear zone (Caby and Arthaud. 
1986; Caby et N/., 1991) in northeast Brazil (Fig. 1). 
This paper is focused on the segment of the shear zone 
in the Cavalcante region (north Go&), where the km- 
scale gashes occur (Fig. 2). 
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In the Cavalcante region. the sheared granitic rocks 
of the Cavalcante-Teresina shear zone appear in an 
erosive window through the Proterozoic metasedimen- 
tary cover, which roughly follows the culmination of B 
50 km wide antiform (Fig. 3). The sheared granitic 
rocks contain conspicuous vertical planar fabrics and a 
subhorizontal mineral stretching lineation defined by 
the morphological alignment of muscovite flakes. 
These vertical planar fabrics correspond to S- and C’- 
foliations oriented at NlO- 30E and N40GOE. respect- 
ively. 

Most strain in this shear zone was partitioned 
between two longitudinal domains, parallel to the 
shear zone margins, in which we observed an intense 
phyllonitization of the protolith granitic rocks. One of 
these domains (about 2 km wide) is adjacent to the 
southeast boundary of the shear zone. Another (about 
X&IO km wide) occupies the central part of the shear 
zone (where the town of Cavalcante is located). and 
comprises several individual phyllonite zones varying 
in width from 200 m to 1 km, alternated with Lanes of 
intensely fractured protomylonitic rocks (Fig. 2). 
These two phyllonite domains are separated by a 

much less deformed domain (about 6 km wide) com- 
posed of protomylonitic rocks containing discrete 
(cm dm scale) phyllonitc zones. The C-foliations 
appear principally in the high strain. phyllonitic 
domains. In contrast. the S-foliation is widely predo- 
minant in the less deformed protomylonitic domains. 
The orientation of the S c’ fabrics and other indepen- 
dent criteria consistently indicates a dextral sense of 
shear in this shear zone. 

Deformation occurred under greenschist-facies con- 
ditions as indicated by strong development of phyllo- 
nites via mica-producing softening reactions. crystal 
plastic deformation of quartz and brittle deformation 
of feldspars. However, in the less deformed domains. a 
relic higher temperature deformational fabric chnrac- 
terized by intense recrystallization of both quartz and 
feldspar is observed. The phyllonitc zones may re- 
present, therefore. a Brasiliano~Pan-Afl-ical reactiva- 
tion under shallower crustal conditions of a pre- 
existing Early or Middle Proterozoic movement zone. 
The km-scale extensional gashes that eve describe 
below generally occur in the protomylonite domains 
situated between the individual phyllonite zones. 
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Fig. 2. Geological map of the strike-slip Cavalcante-Teresina shear Tone. in the region of Cavalcante, Go&, central 
Brazil. The gash veins (numbered I-13) are hosted in deformed granitic roclb which are beneath a sequence of 
Proterozoic supracrustals (Arai group). The mylonitic rocks outcrop in a 20 km long erosive window (see also Figs 3 & 

4a) which displays a transverse sector of the shear zone. 

DESCRIPTION wide zones in the middle of the protomylonite domains 
and will not be a focus of this description. Phyllonites 

Twtonites and protomylonites occur in lateral zones of variable 
width (between ems and kms) which are generally 

Phyllonites and protomylonites are the main tecto- parallel to the shear zone boundaries. A few phyllonite 
nite types in this shear zone. Typical mylonites and zones are oblique to the shear zone boundaries, and 
ultramylonites are only rarely found as discrete cm- have the same orientation of the S-foliation (around 
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N2OE). In their terminations, these phyllonite zones 

are progressively inflected towards the shear plane. 
The contact between phyllonite and protomylonite is 

generally transitional, and in places it is possible to ob- 

serve over a distance of a few meters a complete lateral 
variation of microstructure. reflecting the progressive 
stages of phyllonitization of the protomylonite. 

The protomylonite (Fig. 4a) is an isotropic or 
weakly foliated. coarse-grained rock conserving nearly 
the same modal composition of the protolith granitoid 

(plagioclase 38X, K-feldspar 29X, quartz 2 1%. biotitc 

IO(%). except for the minor amounts of muscovitc as- 
sociated with plagioclase breakdown in domains ol 
incipient phyllonitization. This muscovite normally 

OCCLKS along cleavages and fractures of plagioclase 
grains, where fluid access favored mica-producing soft- 

ening reactions. Plagioclase is fractured and does not 
present any optically observable crystal -plastic defor- 
mation. K-feldspar is generally perthitic and displays 
no sign of chemical breakdown or crystaLplastic 
deformation. Quartz occurs as slightly elongate grains 
with strong undulating extinction and variable degrees 
of recrystallization along grain margins. Biotitc shows 
incipient development of kinks and is generally par- 
tially transformed into muscovite along grain margins 
and basal cleavages. 

The phyllonite zones generally correspond to well- 

defined lineaments on air photographs, because ol 
their high mica content that causes their preferential 

weathering. The phyllonites (Fig. 4b) represent the 

extreme transformation of the original protolith within 
zones of high strain and fluid chamielling within the 

Cavalcante-~Teresina shear zone. They are composed 
of muscovite (75WX)X). quartz (25 ~40%) and traces of 
opaque minerals. Small amounts of K-feldspar ( < 
5%) may appear in some varieties where feldspar 
breakdown was not complete. Plagioclase is always 

absent. The muscovite is fine-grained (5 20 ,~ii) and is 
preferentially oriented with basal planes parallel to the 

C-foliation. The longest dimension of the mica grains 
defines a well-marked stretching lineation. Quartz 

occurs as line (5 IO Inn), elongated grains intimately 
associated with muscovitc. and also as large, undulat- 
ing porphyroclasts (300 lull+2 mm) showing advanced 
stages of recrystalliation and also fracturing and pull- 
apart (Fig. 4b). The recrystallized grains (40-l 50 /ml) 
display ~1 moderate crystallographic preferential orien- 
tation with a maximum parallel to the Y-axis of finite 
strain. This quartz c-axis fabric is interpreted to reflect 
the operation of prism ((0 slip (c.g. Fueten (‘I ol.. 

1991). one of the quartL slip systems that has its acti- 
vation favored in the presence of water (Blacic. 1975). 



In ( :ontrast, fine-grained quartz associated with musco- GUSIWS 
vite of the matrix shows a totally different preferential 
orie ntation with c-axes oriented at low angles to the Several km-scale gashes, here numbered fron 
stre tching lineation. This fabric has been interpreted to 13, occur within the protomylonitic domains 
fort n through direct precipitation from a fluid in low radius of 1.5 km around the town of Cavalcante. 
met amorphic grade tectonites where solutionrepreci- gashes are filled with quartz veins and have a I 
pita ltion creep has occurred (Tullis, 1989; Hippertt, able topographic expression, appearing as ; 
199 4). ridges in the middle of a flat terrain of phyllonit’ 

Large-scale extension gashes, north Goias, Brazil 

Fig. 4. (a) Typical protomylonite microstructure showing perthitic K-feldspar (KF) and fractured plagioclase grains (PL) 
partially transformed into muscovite along fractures. Quartz (QZ) shows undulose extinction, subgrains and partial 
recrystallization along grain margins. (b) Phyllonite microstructure showing partially recrystallized quartz porphyroclasts 
in a matrix of muscovite and fine-grained quartz. Note the fractures and pull-aparts in the large quartz porphyroclast in 

the center of the photograph. Photographs taken on XZ sections. Width of view 5.2 mm. 
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protomylonites (Fig. Sa). On air photographs, i.e. a 
view parallel to the XZ plane of finite strain, the gash 
dimensions vary from 700 m to 4 km in length 
(measured in the Z-direction), with maximum thick- 
ness varying from 75 to 300 m (measured in the X- 
direction). Their apparent length/thickness ratio in air 
photographs varies from 4 to 22, with an average of 
9.8. The gash walls are vertical or subvertical (dipping 
80-85’ to inside the gashes), but their dimensions in 
the vertical direction are not known. Underground 
prospecting surveys have traced the gash walls only to 
depths of 400 m. All gash veins display a lenticular 
shape in the horizontal plane. Most are linear, oriented 
at angles between 35” and 4.5” to the shear plane of the 
host tectonites. Gashes 8, 9 and 12 have different 
orientations (75’, 60’ and lo’, respectively). The obli- 
quity of all these gashes is consistent with an orien- 
tation at high angles to the maximum extension 
direction relative to the dextral shearing inferred 
from the S-C structures. Gash 1 is the only one that 
has a clear sigmoidal shape, also consistent with the 
geometry expected to form during dextral shearing 
(Fig. 5c & d). In this gash, the central part seems to 
have rotated synthetically with the superimposed 
shear. However, the gash terminations reflect the initial 
orientation of the extension fractures at angles close to 
45’ to the shear plane. 

Zones of intense foliation development, mica enrich- 
ment and ductile deformation cross-cut most of the 
gashes. These zones normally correspond to topo- 
graphic depressions in the gash profile because of the 
higher content of mica and preferential weathering. 
Gash 5 has been cross-cut and displaced by one of 
these zones. It is an 80 m wide, dextral shear zone with 
orientation corresponding to the regional S-planes 
(Fig. 5b). Most gashes terminate in phyllonite zones 
and there is no indication that the gash fractures con- 
tinue through the phyllonites. 

We have made transverse profiles and sampled the 
central part and terminations of all gashes. In the 
field, each gash consists of a single, apparently con- 
tinuous quartz vein, which is composed of nearly pure, 
milky quartz in the central part. with increasing 
amount of muscovite (up to 10%) towards margins. 
On the hand-specimen and thin-section scale, there is a 
noticeable similarity between all the gash veins. One 
exception, however, is the sigmoidal gash 1 which 
underwent a more pervasive deformation which is 
reflected in the widespread occurrence of a fine- 
grained, recrystallized matrix. 

Underground mining of gold in gash 2 has per- 
mitted detailed observation of the internal gash struc- 
ture. No apparent lateral heterogeneities or evidence 
for multiple vein generation were found at outcrop 
scale. Evidence for sequential fracturing, cavity-infilling 
and syntaxial quartz growth is. however, present at a 
microscale. Figure 6 shows fractures oriented parallel 
to the gash walls in a thin-section from the central 

part of gash 2. The fracture in Fig. 6(a) is partially 

healed by large euhedral quartz grains (50-600 pm) 
nucleated in the fracture walls and grown with their c- 
axes tracking the separation trajectory. A totally 
healed fracture is shown in Fig. 6(b). These micro- 
structures are found in the less deformed, central por- 
tion of most linear gashes, but not in the sigmoidal 
gash 1 where deformation was more pervasive. The 
fractures are irregularly spaced and are interpreted to 
represent the last stages of gash opening. Typical 
crack-sealing microstructures were not observed, indi- 
cating that the gashes opened at relatively fast rates, as 
also indicated by the presence of cavity-infilling micro- 
structures (Nicholson, 1991). Towards the margins, 
however, obliteration of the cavity-infilling microstruc- 
tures by the superimposed ductile deformation has 
produced aggregates of polygonal, recrystallized quartz 
grains (20-60 pm) with incipient crystallographic fab- 
rics. 

DISCUSSION 

Superimposed deformation of the gash veins is 
observable even in those gashes where no apparent dis- 
placement or rotation can be seen. This deformation 
appears to have been continuously applied to the veins 
during their progressive crystallization, as the develop- 
ment of recrystallized polygonal aggregates increases 
towards vein margins. Other evidence for superim- 
posed deformation comes from the presence of cross- 
cutting deformation zones that affect many of the 
gashes. Interestingly, these cross-cutting deformation 
zones always correspond to the orientation of the 
regional S-foliation (NlO-30E) and never to the C-foli- 
ation (N40-60E) which appears in the limiting linea- 
ments. We suggest that these cross-cutting deformation 
zones represent incipient phyllonite zones whose orien- 
tation corresponds to S-planes of a megascale S-C 
structure (Fig. 7) continuously formed during progress- 
ive deformation. The continued development of defor- 
mation zones (phyllonites) within the protomylonitic 
domains containing the mega-gashes suggests that the 
locus of movement could have shifted over time from 
one deformation zone to another within this 20 km 
wide shear zone. 

This scenario with alternating zones of phyllonites 
and protomylonites reflects an extreme strain partition- 
ing where most strain is accommodated via volume 
loss in the phyllonites (e.g. O’Hara, 1988; Selverstone 
et cd., 1991). It is likely that the silica depleted in the 
phyllonites was reprecipitated in the gash veins within 
the protomylonite zones. Indeed, the silica for this km- 
scale quartz veins may have been produced via large- 
scale feldspar breakdown and quartz removal associ- 
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ated with development of these up to 1 km wide phyl- 
lonite zones. 

To check this hypothesis, we have estimated the 
silica depletion in the phyllonites by considering the 
changes in modal composition between the protolith 
granitoid and the resulting phyllonite, and the prob- 
able retrograde reactions involved in the process. The 
phyllonite zones occupy an area of about 20-25 km* 
on the map within the segment of the shear zone 
where the mega-gashes occur (Fig. 2). Previous studies 

of mass and volume changes based on chemical bal- 
ance calculations have determined that mass and 
volume losses between 40 and 60% generally occur 
during phyllonitization of granitic protoliths (e.g. 
O’Hara, 1988; O’Hara and Blackburn, 1989; 

Selverstone et al., 1991). Assuming 50% as a reason- 
able value of volume loss, we infer that a protolith 
area of 40-50 km* had to be affected to produce the 
observed phyllonite zones. 

Phyllonitization of granitoids occurs mainly through 
breakdown of feldspars via mica-producing softening 

reactions. These reactions generally release alkalis and 
large amounts of Si02 (about 40 g per 100 g feldspar) 
to the fluid phase (O’Hara, 1988), that can account for 
the observed volume losses in phyllonites. In the 
Cavalcante-Teresina shear zone, the feldspar content 
in the protolith is around 70%. As nearly all feldspar 
has disappeared in the phyllonite, losses of Si02 corre- 
sponding to a volume of 11 x 106-13 x IO” m3 per m of 
vertical section should have been produced as conse- 
quence of feldspar breakdown. Another possible way 
to produce volume loss in phyllonites is removal of the 

original quartz content (about 20%) through dissol- 

ution and mass transfer out of the phyllonite zone 

(Hippertt, 1994). The quartz content in these phyllo- 
nites varies between 25 and 40%. However, these con- 

tents of quartz are close to those expected to be 
produced by the simple residual concentration of the 
original quartz, considering a volume loss of 50%. We 
conclude, therefore, that quartz dissolution was a not 
a major mechanism during phyllonitization, and that 
all silica dissolved in the circulating fluid and precipi- 

tated in the mega-gashes originated through feldspar 
breakdown. 

The mega-gashes occupy an area of about 12 km* 
on the map of Fig. 2. The average quartz content in 
the veins is 90%, corresponding to a volume of 

10.8 x IO6 m3 per m of vertical section in the mega- 
gashes, which is well in accordance with the silica 
loss estimated for the phyllonite zones (11 x lo”- 
13 x lo6 m’/m). These values, although derived from 
crude approximations, suggest that the entire shear 
zone possibly acted as a closed system for silica, where 
lateral migration of silica from the phyllonite zones 

towards the extension gashes may account for lateral 
compensation of volume between alternating zones of 
volume loss (phyllonites) and volume gain (extension 
gashes in the protomylonite zones) (Fig. 8). Mega- 
gashes and phyllonite zones, therefore, are interpreted 
as coupled, concurrent structures where the mega- 
gashes host the silica that was lost in the adjacent 
phyllonite zones. 

Typically, gold-quartz veins are interpreted to docu- 
ment the passage of large volumes of aqueous fluid 

(LOWSTRAIN) 

Fig. 7. Block diagram illustrating a three dimensional view of gash veins within the strike-slip Cavalcante+Tereslna shear 
zone. The gashes have a noticeable geomorphological expression, appearing as abrupt ridges in a flat terrain comprised 
of deformed granitic rocks. Some gashes are cross-cut by oblique phyllonite zones. which generally correspond to de- 
pressions in the gash profile. Note that the geometry of the phyllonite zones seems to define a mega S-C structure con- 
sistent with the dextral shearing in the Cavalcante-Teresina shear zone. The gold mineralization that commonly occurs 

in the gash margins is also shown. 
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through fault-fracture networks (Cox ct N/., IYYI). If 

we estimate that the mega-gashes have a minimum 

length of 500 m vertically (as inferred from the under- 
ground mining), then the volume of quartz precipitated 

in these veins is at least 7 x IO6 m3. Considering the 

low solubility of silica (around 6 g SiOz per kg HZ0 

for low metamorphic grade conditions; Fournier & 

Potter, 19X2), a minimum of 3 x IO” m3 of aqueous 

fluid must have been flushed through the opening frac- 

tures to precipitated such a volume of quartz, assum- 
ing lOO”% eficient precipitation. Similar fluid volumes 

were also inferred for the 200 km long Mother Lode 

gold-quartz vein system of California (Sibson. lYY4). 

Assuming that this volume of fluid channelled through 

the phyllonite zones had no dissolved silica. and esti- 
mating a minimum vertical length of 500 m for the 

phyllonitc zones. we find a time integrated fluid/rock 

volume ratio for the phyllonites in the order of lO”:l. 

However. if fluid was between 50 and 90% saturated 

in silica (a more likely scenario for fluid circulating 

through granitic rocks). Auid:‘rock ratios in the range 

IO’ 103:1 are found. These estimates arc in good 
agreement with the results determined by O’Hara 

(lY88) and Selverstone VI ol. (1991) in shear zones 

where phyllonitization of granitoids and volume loss 

took place. 

As the gash walls dip at high angles inwards. we 

expect narrowing and closure of the veins downwards, 
i.e. along the Y-axis of finite strain (SW Fig. X). 

Analogy with the geometry shown by other documcn- 

ted gash veins (e.g. Johnston and McCaffrcy, 1996) 
suggests that ;I dimension of IO 20 times the maximum 

thickness may occur along y. Although extension 

gashes are natural low-pressure sinks for the fluid 

4 
W 

I 1 

phase present in the deforming rock (J. Henderson, 
written communication 1997). they should also act as 

pathways for continued fluid circulation to allow for- 

mation of such km-scale quartz veins. considering the 
low solubility of silica. There is no indication of a con- 

nected vertical fracture network between the diKerent 

gashes in the vertical, making fluid circulation through 

the gashes in this direction unlikely. In contrast, where 

two consecutive gashes are not separated by a phyllo- 
nite zone, there are some examples of connections in 
the %-direction (e.g. gashes I and 13 in Fig. 2). This 

geometry suggests that the phyllonite zones should 

represent the main routes for fluid circulation, and 
that lateral circulation through the extension fractures 

may form a connected fluid circuit between two con- 
secutive phyllonite zones (Fig. 9). 

An important question concerns the fracture mech- 

anisms involved in the formation of tension gashes. 

Assuming homogeneity of the deforming material and 

simple shear flow. gashes must have formed at 45 to 

the shear plane and developed as tension fractures par- 

allel to the maximum principal stress nl (e.g. Durney, 
19X I ). In dilational shear zones. however. extensional 

failure at lower angles may also occur (Rickard and 

Rixon, 1983). In contrast. gashes at 1% 20 to the 

shear plane have been commonly attributed to shear 
fracturing (e.g. Beach. 1975) and those at angles 
between I5 and 45 (as observed in the Cavalcante 

Teresina shear zone) have been ascribed to ;I combi- 

nation of these two fracture mechanisms (Hancock. 

1985: Engelder. 1987). Apart from the obliquity of the 

gash tips, analysis of the internal tiber geometry is also 

crucial to elucidate the fracture mechanism involved 
during gash formation (Rickard and Rixon. 19X3). In 

X 

Z 

% 

Y 

c) 
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2 

pq 

3 

4 
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Fig. X. Sketch illustrating strain partitioning and I;~teral compensation of \oiume hctuccn LOWI of phq’llonltc\ and proto- 
mylonitc~ in the C‘avalcante- Tcre\in;~ shear NW. (a) lindeformcd protolith. (h) Strain is hetew$cncously accommodated 
in alternating /ones of phyllonites (shaded) and protomylonitcs (white). Vertical xrows reprcscnt the contraction 111 the 
direction perpendicular to the shear plane caused by >olumc loss in the phyllonite zoneh. Horirontal arrows indicate the 
expansion in the shear plane (volume gain) due to dcwlopment of extension ga4le\ (black ellipses) in the protomqlonite 
hones. The A’% bulk <train ellipse is indicated. (c) Distribution of the local A’% strain ellipses fbl- the alternating /one:, 01 

phyllonites and protomylonitca (numbered I 5). 
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PHYLLONITE ZONES PROTOMYLONITE ZONES 

Fig. 9. Suggested pattern of fluid circulation in the Cavalcante-Teresina shear zone. Black arrows indicate the vertical 
fluid migration through the phyllonite zones with lateral fluid migration occurring through the extension gashes. Note 

how the extension gashes are not connected in the vertical direction. 

the CavalcanteeTeresina shear zone, our observations 
of the internal fiber geometry in gash veins of mm-cm 
scale suggest participation of both extensional fractur- 
ing and shear fracturing components during gash for- 
mation as small mica flakes and thin quartz fibers, 
observable in thin sections, appear to track an oblique 
separation trajectory of the fracture walls. 

Gashes of cm-m scale, showing the same compo- 
sition and orientation as the mega-gashes, are also 
commonly observed in the CavalcanteeTeresina shear 
zone. An attempt was made to investigate the relation- 
ship between gash veins of different scales through 
measurements of thicknesses and lengths of gash veins 
from thin-section to air photograph scales. Figure 
10(a) shows that gash veins on the micro-scale and 
outcrop scale plot in a straight line with the km-scale 
gashes in a logarithmic plot of length (L) vs thickness 
(7). This plot defines a power-law L = K.T’. where 
K = 11.4 and CI = 0.96, with a goodness-of-fit 
Y > 99%. It should be noted that the dimensions of the 
mega-gashes, measured on air photographs, are some- 
times difficult to determine because some gash bound- 
aries are obscured by talus deposits. Thus, an 
overestimation of the gash thickness may be the reason 
for the deviation of some mega-gashes from the best- 
fit line in Fig. 10(a). 

Similar power-law relationships between length and 
thickness have been demonstrated to occur in other 
vein systems with fractal characteristics (Johnston, 
1992). The results in Fig. 10(a) are distributed over six 
orders of magnitude of size range. Even considering 
the small number of points in the graph, the exponent 
‘N’ close to 1 suggests a self-similar distribution, where 

the same physical processes may have operated for 
development of gashes from micro- to km scale 

(Mandelbrot, 1985). However, a power-law data distri- 

bution should also be confirmed in diagrams of cumu- 
lative frequency. Logarithmic plots of cumulative 

frequency vs length and thickness for both outcrop 

and air photograph scales are shown in Fig. IO(b). 

These plots have defined curves with central power-law 
segments whose negative slopes indicate similar ‘fractal 

dimensions’ for length (D = 1.38-1.41) and thickness 
(D = 1.51-1.52) of the two gash populations. In this 

diagram, the database was split in two groups which 
were plotted separately, one with the mega-gashes and 

another with the outcrop and microscale gashes. This 

was necessary because the sampling is clearly non-uni- 

form. The mega-gashes have a very representative 

sampling because virtually all existing gashes of km 

scale were measured. In contrast, the few data for 

gashes of outcrop and microscale are comparatively 
much less representative. This problem would necess- 
arily lead to deviations of the power-law distribution 

in the curve terminations (Walsh and Watterson, 

1992). The plot in two groups minimizes the problem, 
and the eventual fractal nature of the whole set can be 

assured by the same slopes of the straight segments of 
the curves of the two gash populations. In Fig. 10(b). 
it is also interesting to note the contrast in the reso- 

lution of the power-law segments between the two 
data populations. All mega-gashes plot with minimum 
deviations in a straight line because of their representa- 

tive sampling. In contrast, the heterogeneous sampling 
in the outcrop scale has induced strong deviations in 
the curve terminations. 

Our results contrast with those found in other 
power-law vein systems which have been generally 
interpreted as self-affine distributions (see Barton and 
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Fig. IO. (a) Plot of log length vs log thickness for gash veins 01 
Cavalcantc in a range of six orders of magmtude. Veins were 
measured in exposurewsections parallel to the transport direction 
and perpendicular to the shear plane. (b) Logarithimic plots of 
cumulative frequency for length and thickness. Because of the hct- 
erogeneous sampling, the gashes were plotted in two separated popu- 
lations (outcrop and airphotograph scales). Slopes of the power-la\\ 
segments in the two gash populations are similar. and indicate ‘frac- 

tal dimensions around I .4 for length and I .5 for thickness. 

La Pointe, 1995) where for small veins N < 1, and for 
large veins (I > 1. This kink in the power-law distri- 
bution was interpreted to reflect an abrupt change in 
the vein growth mechanism which causes a change in 
the aspect ratio of the veins above the critical thickness 
(Johnston and McCaffrey, 1996). On the other hand. a 
self-similar vein distribution with LI - 1 along all vein 
size ranges. as occurs in the studied shear zone, indi- 
cates that opening and propagation of the gash frac- 
tures occurred simultaneously and with the same rates 
during vein formation, suggesting that a continuous 
process accounts for vein growth on all scales. 

CONCLUSlONS 

1. Kilometer-scale extension gashes developed during 
activation of the 20 km wide, continental-scale 
Cavalcante+Teresina shear zone, indicating a direct 

relationship between the magnitude/opening of ten- 
sion fractures and the volume of deforming rock. 
The occurrence of alternating zones of phyllonites 
and protomylonites (with extension gashes) within 
the CavalcanteeTeresina shear zone suggests that 
lateral compensation of volume occurred during de- 
formation. 
The amount of silica depleted in the phyllonite 
zones is approximately the same amount precipi- 
tated in the km-scale gash veins suggesting that the 
shear zone acted as a closed system for silica. 
Migration of silica from the phyllonites towards the 
extension gashes within the protomylonites should 
represent the main mechanism of lateral compen- 
sation of volume. 
The km-scale extension gashes define the same 
power-law distribution as extension gashes of out- 
crop and microscale. indicating a wide range of 
scale-invariance for this phenomenon. The fractal 
set extends over six orders of magnitude with ‘frac- 
tal dimensions’ around 1.4 for vein length and 1.5 
for vein thickness. 
The aspect ratio of the gash veins does not change 
with scale (n - I) reflecting a self-similar distri- 
bution where the same process should account for 
vein growth from micro- to km-scale. 
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