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Abst rac t - -An incremental and finite strain study of a Mid-Paleozoic slate belt in a transpressive setting in Gaspd, 
Canadian Appalachians, has been undertaken using syntectonic fibers from pyrite-type pressure shadows, 
Regionally, strain estimates are quite consistent and reflect only slightly higher strain in the central part of the 
anticlinorial structure defining the slate belt. Extensions of up to 160% vertically and 110% parallel to the fold 
axis were recorded in the slate belt combined with an estimated overall regional shortening of 80%. The fibers 
first rotated toward the final position of the cleavage within a vertical section normal to the cleavage, and then 
rotated from a vertical to a horizontal orientation. This change in fiber orientation observed in cleavage-parallel 
sections indicates an abrupt change in the incremental stretching direction from sub-vertical to sub-horizontal 
(fold-axis parallel). The vertical extension is related to folding and cleavage development during coaxial 
flattening. The horizontal extension reflects the strain imposed on the rocks during regional simple shear which 
produced strike-slip faulting and further tightening of the folds. Folding, cleavage development, fold-axis 
parallel extension and faulting are all related to oblique convergence during the Middle Devonian Acadian 
orogeny in this part of the Canadian Appalachians and clearly indicate an overall transition from a pure 
shortening deformation to a simple shear dominant deformation in an overall transpressive setting. 

INTRODUCTION 

Rocks bordering fault zones in convergent wrench or 
transpressive systems are affected by both pure and 
simple shear (Sanderson & Marchini 1984). In such 
systems, shortening normal to the fault zone and trans- 
current shear parallel to the fault zone bring about the 
development of folds, thrust faults and transcurrent 
faults. Development of folds occurs either before fault- 
ing (Lafrance 1989) or simultaneous with faulting in 
wrench settings (Richard et al. 1991). Such folds are 
subject to a component of shear strain (Sanderson & 
Marchini 1984), and kinematic models of transpressive 
terranes predict considerable axial extension and fold 
axis rotation (Bfirgmann 1991, Jamison 1991). In pure 
wrench terranes, horizontal maximum extension and 
shortening directions are parallel to the major and minor 
strain ellipse axes, respectively (Wilcox et al. 1973). Our 
strain study was undertaken in order to determine the 
progressive deformation history of a Mid-Paleozoic slate 
belt within a transpressive setting, the Gasp6 Trough. 
The belt is located within the boundary zone of an 
important strike-slip fault of the Gasp6 Peninsula, the 

Grand Pabos-Restigouche fault (Fig. 1), in the Cana- 
dian Appalachians. Our data indicate that vertical ex- 
tension associated with folding and cleavage develop- 
ment occurred prior to fold-axis parallel extension in the 
Gasp6 Trough. The abrupt reorientation of the stretch- 
ing axis, from subvertical to subhorizontal, records the 
transition from a pure shortening deformation to a 
simple shear dominant deformation in an overall trans- 
pressive setting. 

Strain paths and strain histories are crucial for the 
interpretation of the tectonic evolution of a region. 
Incremental strain studies using syntectonic fibers in 
pressure shadows provide important information con- 
cerning the strain history and have frequently been used 
to understand the kinematics of deformation (Spencer 
1992). We used syntectonic fibers in pressure shadows to 
determine the incremental and finite-strain patterns in 
the Gasp6 Trough strata. Incremental strain studies 
have been mostly concerned with fold- and thrust-belts 
and have usually yielded two-dimensional strain paths 
confined to planes either parallel or normal to the main 
tectonic cleavage (Reks & Gray 1983, Beutner & Diegel 
1985, Gourlay 1986, Dietrich 1989, Gray & Willman 
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Fig. 1. Geological map of Gasp~ Peninsula and location of the studied profile (bottom left), Inset: extent of  the 
Connecticut Valley-Gaspd synclinorium. 

1991, Spencer 1992). Our study is unique in that it offers 
a kinematic analysis of the incremental strain history in 
three dimensions and quantifies both vertical extension 
and fold-axis parallel extension. To our knowledge, this 
is one of the first well documented examples of vertical 
extension followed by fold-axis parallel extension in a 
transpressive setting. The sequential development of 
folds, cleavage and strike-slip faults deduced from fiber 
geometries in the Gasp6 Trough supports the hypothesis 
that folding initiates before faulting in transpressive 
terranes. 

GEOLOGICAL CONTEXT 

In the Gaspd Peninsula, Upper Ordovician to Middle 
Devonian rocks are part of a single depositional belt, the 
Gaspd Belt (Bourque et al. 1993), an overlap sequence 
deposited in a successor basin that formed on the des- 
troyed continental margins or relicts of the Iapetus 
ocean following the Mid- to Late-Ordovician Taconian 
orogeny (St-Julien & Bdland 1982). Rocks of the Gaspd 
Belt were deformed by the Devonian Acadian orogeny, 
a major tectonic event in the Canadian Appalachians, 
and are divided into three major structural zones. These 
include from north to south the Connecticut Valley- 
Gasp6 synclinorium, the Aroostook-Percd anticlinor- 
ium and the Chaleurs Bay synclinorium (Fig. 1). The 

studied slate belt is part of the Gaspd Belt and is termed 
the Gaspd Trough, a subdivision of the Connecticut 
Valley-Gaspd synclinorium (Rodgers 1970). 

The Gaspd Trough is composed of slates, siltstones 
and argillaceous sandstones that underwent Acadian 
deformation. These sediments belong to the Fortin 
Group and were deposited by turbidity currents during 
the early Devonian (Dalton 1987). Rocks of the Fortin 
Group are part of an extensive series of marine rocks of 
similar age and lithology extending from the Gaspd 
Peninsula, westward into New Brunswick and South- 
eastern Qudbec, and southward into Maine, New 
Hampshire and Vermont (Cady 1960, Boucot 1970) 
(Fig. 1). In the Gaspd, rocks of the Fortin Group yield 
anchi-metamorphic to lower greenschist grades, and 
reflectance values suggest temperatures of 330-350°C 
(Hesse & Dalton 1991). 

The Devonian Acadian deformation in this part of the 
Canadian Appalachians has been the subject of earlier 
studies (van Staa11987, Malo & Bdland 1989, Malo etal .  

1992). Major Acadian faults, such as the Grand Pabos, 
Grande Rivi~re and Shickshock Sud faults, transect the 
Gaspd Peninsula (Malo et al. 1992) (Fig. 1). The geom- 
etry of the fault zones and the shear sense of ductile and 
brittle fault structures require dextral transcurrent 
movement along the faults, with displacements on the 
order of tens to hundreds of kilometers (Malo & Bdland 
1989, Malo et al. 1992). Recent work has established that 
a dextral transpressive regime is responsible for the 
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Fig. 2. Structural profilc across the Gasp6 Trough slate belt based on the outcrop geology along Highway 132 in wcstern 
Gasp6 with incremental and finite CNV strain data (R) and outcrop location; see Fig. 1 for location of the profile. 
Incremental CNV strain (R) is the shape of the finite strain ellipse in the CNV section after the vertical extension only. Finite 
CNV strain (R) is the shape of the finite strain ellipse in the CNV section after both extensions, vertical and horizontal. 

development of folds and faults within rocks of the 
Gasp6 Belt (Kirkwood & Malo 1993). 

Major structural features of the Connecticut Valley- 
Gasp6 synclinorium in western Gasp6 are NE-trending 
upright folds and ENE-trending faults. Folds have wave- 
lengths of 3-5 km and plunge gently towards the north- 
east or southwest. The studied section along the 
Matap6dia River in western Gasp6 is located between 
two major faults (Fig. 1). Along the northern margin of 
the Gasp6 Trough, rocks of the Fortin Group are juxta- 
posed against the Lower Devonian Gasp6 Sandstones 
along the Sainte-Florence fault (Fig. 2), interpreted as a 
reverse fault (Berger 1993). A vertical mineral lineation, 
SE-dipping cleavage and horizontal mesoscopic fold 
axes reoriented into a subvertical direction indicate that 
movement along the Sainte-Florence fault is essentially 
vertical. To the south, the Restigouche fault separates 
the Fortin Group from the Upper Ordovician to Lower 
Silurian limestones of the Matap6dia Group within the 
Aroostook-Perc6 anticlinorium. The Restigouche fault 
trends N065 ° and dips 75 ° toward the northwest. It 
extends some 25-30 km eastward to where it merges 
with the Grand Pabos fault (Fig. 1). Sense of shear 
indicators along the Restigouche fault indicate dextral 
oblique slip movement, consistent with its orientation 
oblique to the Grand Pabos trend (Trudel & Malo 1993). 

STRUCTURAL ELEMENTS 

Exposure within the Gasp6 Trough along the Matapd- 
dia River in western Gasp6 is very good. Between the 
Restigouche and Sainte-Florence faults, 12 km of Fortin 
Group rocks are exposed along a 26 km segment of 
Highway 132 which follows the Matapddia River. In 
cross-section, the Gasp6 Trough defines a broad anticli- 
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Fig. 3. Contoured structural orientation data for the Fortin Group 
along the studied section plotted in equal-area hemispherical projec- 
tion: (a) poles to bedding; contour intervals are 1.5-2.9-4.2-5.6- 
6.9%; and (b) poles to cleavage; contour intervals are 7-14-21-28- 

35%. 

norium (Fig. 2). Regional Acadian folds trend N060 ° 
sub-parallel to the structural grain of the Connecticut 
Valley-Gasp6 synclinorium and plunge gently towards 
the east-northeast (Fig. 3). The folds are open to tight 
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Highway 132. The incremental CNH strain (R) is the shape of the 
finite strain ellipse in the CNH section considering only the horizontal 

extension. 

and have vertical to steeply dipping axial surfaces. Axial 
surface traces of the major folds are spaced from 2 to 5 
km (Fig. 4). Parasitic folds define several orders of 
folding with lower-order fold wavelengths ranging from 
6-40 m and fold amplitudes from 2-5 m (Fig. 5). Abun- 
dant quartz veins occur throughout the Fortin Group 
and usually cut across bedding planes. A well developed 
cleavage visible in outcrop trends N060 ° with dips from 
75 ° NW to 75 ° SE (Fig. 3), parallel to fold axial surfaces. 
Evidence of dissolution along cleavage planes is shown 
by truncated quartz grains along cleavage planes. Press- 
ure shadows around pyrite and fibrous quartz-mica 
overgrowths on detrital quartz grains are evidence for 
precipitation (see Groshong 1988). 

Both reverse and strike-slip faults are recognized 
along the studied profile. Mesoscopic NE-trending re- 
verse faults, dipping moderately to steeply to the south- 
east or to the northwest, are geometrically related to the 
folds (Fig. 5). Displacement along these faults varies 
from tens of centimeters to a few meters. Strike-slip 
faults have displacements of a few tens of centimeters. 
These faults are vertical to subvertical with horizontal 
slickensides. They crosscut the folded strata and occur 
sporadically throughout the profile. Dextral and sinistral 

faults are oriented approximately NI00-110 ° and N160- 
170 °, respectively. 

S T R A I N  A N A L Y S I S  

Pressure shadows 

Syntectonic fibers in pressure shadows adjacent to 
pyrite were used to determine variations in strain across 
local and regional structures within the slate belt. In- 
cremental strain histories can be determined from syn- 
tectonic crystal fibers in pressure shadows (Elliott 1972, 
Durney & Ramsay 1973, Wickham 1973, Gray & Dur- 
ney 1979, Ramsay & Huber 1983). Pyrites within rocks 
of the Fortin Group have diameters that range from 0.02 
to 15 mm. Curved fibers occur in pressure shadows 
around both framboidal and cubic pyrite (Fig. 6a). 
However, only fibers found around spherical to sub- 
spherical framboidal pyrites were used since cubic pyr- 
ites are likely to form during tectonic deformation and 
may not record the full deformation history (Dietrich 
1989, Gray & Willman 1991). Other non-spherical pyr- 
ites, such as elongate and flattened discoidal pyrites 
subparallel to bedding, also occur in these rocks. These 
irregular forms have anomalously long pressure sha- 
dows and were not considered in this study. Fibers 
around the larger pyrites (>1 ram) consist mainly of 
quartz and calcite whereas fibers around the smaller 
pyrites (< 1 mm) are composed essentially of quartz and 
chlorite. Fibers show characteristics of antiaxial growth. 
Some pressure shadows contain small pyrite spherules 
connected by a fiber to the site from which they were 
detached indicating that growth sense was towards the 
host pyrite framboid (Beutner & Diegel 1985) (Fig. 6b). 

Fibers were studied in three mutually perpendicular 
thin sections: cleavage-parallel (CP), cleavage-normal 
vertical (CNV) and cleavage-normal horizontal (CNH). 
Figure 7(a) illustrates the position of the sections rela- 
tive to the orientation of structural elements (folds, 
cleavage and mineral lineation). The main tectonic 
cleavage is assumed to approximate the X Y  plane of the 
finite strain ellipsoid (Ramsay & Huber 1983). A weakly 
developed subvertical mineral lineation (L) can be ob- 
served at a few locations along the studied profile and 
was assumed to be parallel to the X direction of the finite 
strain ellipsoid. True orientation of the finite strain 
ellipsoid within rocks of the Gasp6 Trough is discussed 
further in a following section. 

Fiber orientation 

The analysis of fibers within three orthogonal direc- 
tions is important in order to develop a three- 
dimensional picture of the orientation of the incremen- 
tal extensions. Fibers within pressure shadows along the 
studied cross-section are present in CNV, CNH and CP 
sections. Individual elongate pyrites are stretched and 
pulled apart in CNV and CNH planes. Such evidence 
can be taken to indicate that stretching occurred simul- 
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Fig. 5. Line drawings of studied sections showing mesoscopic folds, faults and sample location. See Fig. 2 for location of 
outcrops. 

taneously in more than one direction. However,  key 
aspects of the fiber geometry and their growth within 
rocks of the Gasp6 Trough can be deduced by closely 
examining the fiber patterns in a chocolate tablet struc- 
ture developed in a pyrite layer in a CP section and gives 
an almost complete picture of the incremental strain 
evolution (Fig. 6c). The antitaxiai fibers in Fig. 6(c) 
show curved forms that point to a changing incremental 
strain sequence during progressive deformation. The 
principal extension initiated in a vertical direction, sub- 
parallel to X, and rotated in a counter-clockwise sense 
towards a horizontal direction, subparallel to Y. Thus, 
fibers in CP planes can be clearly divided into two 
segments; the first-formed segments are vertical while 
the youngest part of the fibers are horizontal (Figs. 6c & 
d). These two fiber segments are perpendicular and can 
be observed separately in two orthogonal sections, CNV 
and CNH sections (Fig. 8). 

Fiber curvatures 

Fiber curvatures are observed in the CNV, CNH and 
CP sections. Close examination of the older fiber seg- 
ments observed in the CNV sections show that the fibers 
initially grew perpendicular to bedding and progress- 
ively curved towards the final position of the trace of the 
cleavage (Figs. 6a & f). Fiber curvatures in CNV sec- 
tions are divided into two distinct patterns: fibers around 
pyrites sampled from NW-dipping limbs show clockwise 

$6 17:3-C 

curvatures and fibers from SE-dipping limbs show 
counter-clockwise curvatures. These curvatures rep- 
resent rotation of the rock body through a fixed vertical 
extension direction on oppositely rotating fold limbs 
(Kirkwood 1993). Although curved fibers generally re- 
flect successive non-coaxial strain increments, the ob- 
served curvatures in CNV sections are consistent with 
successive coaxial strain increments with a vertical maxi- 
mum stretching direction (Kirkwood in press). 

In sections cut through the ends of the larger pyrite 
grains, the youngest fiber segments, i.e. those closest 
to the pyrite framboid, curve out of the CNV section 
plane and the field of view (Figs. 6g & h). Their  traces 
can be followed in the CNH plane where the oldest fiber 
segments are perpendicular to the thin section and the 
youngest fiber segments are parallel to the thin section. 
Almost all fibers display clockwise curvatures in CNH 
sections (Fig. 8), independent of their position within the 
folds. Such patterns are related to a clockwise reorien- 
tation of the incremental strain axes and reflect the 
noncoaxiality of this part of the deformation. The fiber 
geometry observed in CNH sections is consistent with 
regional dextral shear along major faults, such as the 
Grand Pabos fault, during the Acadian orogeny (Kirk- 
wood 1993). Within strike-slip zones maximum exten- 
sion and shortening axes are horizontal and parallel to 
the major and minor strain ellipse axes, respectively, 
and both are oblique to the shear direction (Wilcox 
et al. 1973). In the Gasp6, major dextral strike-slip 
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faults trend roughly N080 ° and are related to a northwest 
directed compression during the Acadian orogeny 
(Malo & B61and 1989). The major  axis o f  the corre- 
sponding finite strain ellipse is subhofizontal and 
oriented northeast ,  parallel to the regional cleavage. 
Horizontal  extension within rocks of the Gasp6 Trough 
reflects the strain imposed on the rocks during the 
regional transcurrent simple shear that produced the 
strike-slip faults. Observed clockwise fiber curvatures in 
the C N H  sections are a direct consequence of the dextral 
shear along the faults. Rocks located within the southern 
boundary zone of the Grand Pabos-Restigouche fault in 
western Gasp6 (Matap6dia Group,  see Fig. 1) also 
record horizontal extension within the cleavage plane 
(Kirkwood 1993) which we relate to the same regional 
transcurrent deformation.  

INCREMENTAL STRAIN AND DEFORMATION 
HISTORY 

Strain patterns 

The measurement  technique chosen was the rigid 
fiber model outlined by Ramsay & Huber  (1983), which 
assumes that fibers are parallel to the incremental exten- 
sions in the rock and that there is no rigid-body rotation 
between the fibers, pyrite and matrix. Rigid body defor- 
mation for pressure shadows in rocks of the Gasp6 
Trough is indicated by the shape of the pressure shadow 
boundaries which are identical to the shape of the walls 
of the pyrite grains (Ramsay & Huber  1983). The rigid 
fiber method has been used to determine strain in 
different fold belts (Reks & Gray 1983, Beutner  & 
Diegel 1985, Dietrich 1989, Gray & Willman 1991, 
Spencer 1992) and has been proven to be quite consist- 
ent (Spencer 1991). This method assumes plane strain 
and constant volume strain. Fiber geometries within 
rocks of the Gasp6 Trough clearly indicate that for each 
successive increment of the deformation,  extension 
occurred in only one direction parallel to the maximum 
principal extension (et) and that no extension occurred 
parallel to the intermediate principal extension (e2). 
Thus, rocks of the Gasp6 Trough in western Gasp6 
suggest incremental plane strain. Although it is difficult 
to determine the actual volume change during defor- 
mation,  we suggest that most of the dissolved material is 
redeposited locally in the rock system within veins, 

pressure shadows and overgrowths around pyrite and 
detrital quartz grains with little or no volume change, as 
demonstrated in other fold and slate belts (Mitra et al. 
1984, Beutner  & Diegel 1985, Waldron & Sandiford 
1988, Protzman & Mitra 1990). Previous work has 
shown that overgrowths around pyrite and detrital 
grains are largely lacking where substantial volume loss 
can be demonstra ted (Beutner  & Charles 1985). 

Total finite strain is obtained by measuring the suc- 
cessive increments of an entire fiber in three dimensions. 
Such a measurement  technique is impossible using two- 
dimensional thin sections. Thus elongations measured in 
CNV, CNH and CP planes (1 +eilxz , 1 +ei ly  z and l+eilxy, 
see Fig. 7b) reflect only part  of the total elongation and 
are considered increments of the total strain. Even 
though some of the pressure shadows display slight 
curvatures in the older fibers in CP section (see Fig. 6d), 
the path followed by the fibers throughout the entire 
deformation is mostly parallel to the CNV (vertical) and 
CNH (horizontal) sections (Fig. 8), and strain can be 
divided into two separate,  orthogonal two-dimensional 
sections. Semi-axes of a finite strain ellipsoid resulting 
from the superposition of two incremental strain ellip- 
soids can be obtained by multiplying the two sets of 
semi-axes (Ramsay & Huber  1983). By following the 
displacement of fibers in time, we were able to obtain the 
calculated total finite elongations by multiplying the 
successive total incremental extensions in CNV and 
CNH sections (Fig. 7c): 

l+ef,  = (1 + eilxz)(1 + eilyz). 

Calculated total finite elongations most  probably slightly 
underest imate the total extension since fibers are not 
entirely parallel to CNV and C N H  sections (see Fig. 6d). 

We used 529 measurements  from 90 samples at 30 
different sites along the profile (Fig. 2) to obtain direct 
values of the maximum principal extension (1 + eil ) in 
the CP, CNV and C N H  sections and to calculate the 
total strains at individual localities (Appendix Tables A1 
and A2). Methods of strain determination are discussed 
in the Appendix.  Strain values in Tables A1 and A2 
represent the mean value of the strains determined in 
thin sections at a given sample site. Incremental  strain 
axial ratios (Ri) determined in the CNV and CNH 
sections range from 1.7 to 9.8 and 1.3 to 4.5, respectively 
(Figs. 2 and 4; Tables A1 and A2). Finite strain axial 
ratios (Rf) vary between 5.9 and 13 (Table 1). Strain can 
be separated into a vertical component  (efl) and hori- 

Fig. 6. (a) Photomicrograph of curved fiber around pyrite framboid as seen in CNV section. St): bedding, $1: cleavage. Sample No. 86-33-2, 
scale bar is 2 mm. (b) Photomicrograph of small pyrite framboids at the edges of the pressure fringe connected by a fiber to the site from which 
they were detached. This indicates that growth sense was towards the host pyrite. CNH section, sample No. 89-18-6, scale bar is 1 mm. 
(c) Photomicrograph of a chocolate tablet structure developed in a pyrite layer, as seen in CP section. The curved form of the fibers show that 
extension initiated in a direction subparallel to X (vertical) and rotated towards the Y direction (horizontal). Sample No. 89-35-5a, scale bar is 
1 mm. (d) Photomicrograph of curved fibers in CP section. First formed fibers are subvertical (parallel to X) and youngest fibers subhorizontal 
(parallel to Y). Sample No. 89-18-6, scale bar is 0.4 mm. (e) Close-up of the younger, subhorizontal fibers that clearly cut across the older, 
subvertical fibers. See location of this photomicrograph on photomicrograph (d). (f) Photomicrograph showing the fibers in CNV section which 
initially grew perpendicular to bedding (So) and progressively rotated toward the cleavage (St). Sample No. 89-24-1, scale bar is 1 ram. 
(g) Photomicrograph of youngest fiber segments in CNV section (seen here perpendicular to the section) curving out of section. The observed 
fibers are attached to the thicker central part of the pyrite grain. Sample No. 89-23-1a, scale bar is 1 mm. (h) Photomicrograph of youngest fiber 
segments in CNV section (seen here perpendicular to the section) curving out of section. The observed fibers are attached to the thicker central 

part of the pyrite grain. Sample No. 89-30-12, scale bar is 1 mm. 
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Fig. 7. (a) Orientation of CP, CNV and CNH sections relative to 
folds, cleavage and mineral lineation (L). (b) Measured incremental 
elongation in rock samples. The strain ellipses obtained for each of 
the three sections are incremental strain ellipses. (c) Calculated finite 
strain. The X and Y axes of the finite strain ellipsoid are given by 
(1 + eilx. ) and (1 + eilyz), respectively. However, the total finite 
elongation (1 + ejl ) at each site is obtained by multiplying the two 
incremental elongations, (1 + eilxz), parallel to Xofthe finite ellipsoid, 

and (1 + eib.z), parallel to Y of the finite ellipsoid. 

3-D FIBER GEOMETRY 

OK@ 

Fig. 8. Three dimensional path of fibers around pyrite located on a 
SE-dipping limb (outcrop No. 18). Counter-clockwise rotation in the 
CNV section is followed by rotation in the CP section where fibers are 
first parallel to X then to Y. Younger fibers in CNH section rotate 

clockwise. So: bedding, $1: cleavage, L: mineral lineation. 

Table 1. Calculated total elongations and finite strain (R) 

Outcrop no. d (kin) 1 +. e~q 1 + e/2 1 + e/3 R 

18 6.490 2.31 1.79 0.24 9.6 
18 6.620 2.13 1.73 0.27 7.9 
21 8.600 2.09 2.04 0.24 8.7 
23 9.760 2.25 1.75 0.26 8.7 
24 10.080 2.42 1.84 0.22 11.0 
30 13.945 1.87 1.84 0.29 6.4 
30 14.010 2.59 1.91 0.20 13.0 
31 14.348 2.27 1.80 0.24 9.5 
31 14.460 2.37 1.80 0.24 9.9 
35 17.915 2.05 2.00 0.24 8.5 
39 19.850 2.31 1.36 0.32 7.2 
39 19.870 2.59 1.93 0.20 13.0 
41 21.800 2.35 1.87 0.23 10.2 
42 22.750 1.77 1.91 0.30 5.9 
44 24.850 2.27 2.11 0.21 10.8 

d = distance north of Restigouchc fault 

l + ef~= 1 + eitxz 

1 + e~ = 1 + eil~, z 

1 
1 + ef3 = (1 + e, lxz)(1 + enyz) 

R = 1 + e t l  
1 + el3 

zonta l  or  fold-axis  para l le l  c o m p o n e n t  (ere). Ver t i ca l  
ex tens ions  range  f rom 77 to 159% and  fold-axis  para l l e l  
ex tens ions  r ange  f rom 36 to 111%. M i n i m u m  
e longa t ions  (ef3) at each  site shown in Tab le  1 were  
ca lcu la ted  by des igna t ing  1+el3 as the  rec iproca l  of  the  
m a x i m u m  finite e longa t ion  (Fig. 7c). A s  such, hor izon-  
tal shor ten ing  across  the  c leavage  var ies  f rom 68 to 80% 
along the slate bel t .  

T h e r e  is no a p p a r e n t  co r re l a t ion  b e t w e e n  s t ra in  and  
pos i t ion  wi thin  mesoscop ic  folds ( l imb vs h inge)  nor  
be tw e e n  strain and bedd ing -c l eavage  angles ,  as ob-  
se rved  in o lde r  fold bel ts  ( B e u t n e r  & Diege l  1985, G r a y  
& Wi l lma n  1991). H o w e v e r ,  s t ra in  m a g n i t u d e  does  vary  
with l i thology.  M e a s u r e d  m a x i m u m  extens ions  are  
smal le r  for  fibers in sands tones .  The  lower  s t ra ins  
r e c o r d e d  in sands tones  can be a t t r i bu t ed  to the  h igher  
c o m p e t e n c y  of  these  units re la t ive  to the  a rg i l l aceous  
layers .  C leavage  re f rac t ion  f rom pel i t ic  layers  to sand-  
s tone  also impl ies  lower  s t ra in  in the  sands tones  (Trea -  
gus 1983). Reg iona l ly ,  s t ra in  es t ima tes  a re  qui te  un i fo rm 
and reflect  only  sl ightly h igher  s train in the  centra l  pa r t  
of  the  an t ic l inor ium and within the  hangingwal l  of  a 
reverse  fault  l oca t ed  at  ou t c rop  No.  29 (Figs.  2 and  5). 

D e f o r m a t i o n  h i s t o r y  

F i b e r  pa t t e rn s  within rocks  of  the  Gasp6  T rough  
c lear ly  indica te  that  ver t ica l  ex tens ion  was fo l lowed  by 
hor izon ta l  ex tens ion .  S imi lar  f iber  pa t t e rn s  have been  
a t t r i bu t ed  to in terna l  r eo r i en t a t i on  of  s t ra in  axes caused  
by a sudden  change  in the  reg iona l  i nc remen ta l  s t ra in  
h is tory  ( G o u r l a y  1986, Die t r i ch  1989, Spence r  1992). 
The  two ma jo r  inc remen ta l  longi tud ina l  ex tens ions  ob-  
se rved  within rocks  of  the  Gasp6  T rough  are  i n t e r p r e t e d  
as an o lde r  s train c o m p o n e n t  r e spons ib le  for  s t re tching  
subpara l l e l  to the  X-d i r ec t ion  of  the  finite s t ra in  e l l ipsoid  
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Fig. 9. Representation of finite strain ellipse sequence resulting from the superposition of constant strain increments. 
Overall flattening deformation within the Gasp6 Trough was built up by successive plane strain increments during two 
major deformational components: (1) coaxial shortening with subvertical stretchihg; (2) non-coaxial shortening with 

subhorizontal stretching. 

which is vertical followed by a younger strain component 
responsible for stretching subparallel to the Y-direction 
which is horizontal. Evidence that the two strain events 
are part of a continuous, progressive deformation is 
given by the fibers themselves which can be traced 
continuously through sharp bends from the oldest to the 
youngest segments (Figs. 6c & d). Also, rocks of the 
Fortin Group record only one penetrative deformation 
event, ascribed to the Acadian Orogeny. 

The sharp change in fiber orientation indicates a 
sudden change in the kinematic history of the slate belt. 
The first component (vertical extension), best recorded 
in CNV planes, is related to folding and tightening of 
folds during coaxial deformation (pure shortening) 
(Kirkwood in press). The younger strain component 
responsible for horizontal extension is attributed to 
regional dextral transcurrent shearing. Both com- 
ponents are compatible with a global transpressive set- 
ting. It has been shown that rocks bordering fault zones 
in transpressive systems are affected by both pure and 
simple shear (Sanderson & Marchini 1984). In such 
systems, shortening normal to the fault zone and trans- 
current shear parallel to the fault zone bring about the 
development of folds, thrust faults and transcurrent 
faults. Such a model is consistent with the geology of this 
part of the Canadian Appalachians. Detailed analysis of 
deformation fabrics within fault zones in southern 
Gasp6 demonstrated that strike-slip faulting occurred 
within a dextral transpressive regime (Kirkwood & Malo 
1993). 

Finite strain ellipsoid 

The finite strains within rocks of the Gasp6 Trough are 
of flattening type (el, and et~ positive) as indicated by 

stretched pyrite in both CNV and CNH sections. The 
shape of the finite strain ellipsoid depends on the pro- 
gressive deformation history of the slate belt. Analysis 
of the incremental strains suggests that the overall flat- 
tening deformation recorded by the slates was built up 
by successive plane strain increments. As previously 
discussed, the strain history of the slate belt requires two 
separate deformational components. The strain incre- 
ments during the first strain event are coaxial and 
characterized by a maximum incremental X-axis 
oriented subvertically (Fig. 9). This component was 
followed by an abrupt transition whereby non-coaxial 
strain increments with X-axes oriented horizontally 
were superposed on the vertically elongated ellipsoid 
(Fig. 9). However, this late subhorizontal stretch was 
not strong enough to reorient the positions of the major 
and minor axes of the finite strain ellipse. Consequently, 
the maximum finite stretching direction is subvertical 
and parallel to the observed mineral lineation. 

VERTICAL AND FOLD-AXIS PARALLEL 
EXTENSION IN A TRANSPRESSIVE SETTING 

The measured extensions along the studied profile 
show up to 160% vertical extension followed by up to 
110% fold-axis parallel extension. Fold-axis parallel 
extension has been described elsewhere in a number of 
fold belts. It has been documented in internal zones of 
collisional orogens formed by oblique continental sub- 
diction (Ellis & Watkinson 1987) as well as in rocks 
deformed within transpressional regimes (Bfirgmann 
1991). Stretching histories similar to the one defined 
within rocks of the Gasp6 Trough, i.e. extension ortho- 
gonal to fold axes followed by extension parallel to fold 
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axes, has been recorded in fold- and thrust-belts and has 
been attributed to a change in the direction of shear 
within the thrust nappes (Merle & Brun 1984, Gourlay 
1986, Dietrich 1989, Spencer 1992). 

The regional structural history within this part of the 
Canadian Appalachian orogen, i.e. the Gasp6 and 
northern New Brunswick, involves dextral transpression 
culminating in major strike-slip faulting during the Aca- 
dian deformation (Kirkwood & Malo 1993, de Roo & 
van Staal 1994). Transpression is now being recognized 
as very significant in the kinematics of collisional oro- 
gens, especially where oblique convergence is involved 
(Bfirgmann 1991, Cobbold et al. 1991, Fielitz 1992). The 
spatial partitioning of strain within transpressive settings 
between strike-parallel and strike-normal components is 
now well documented in many regions (see Platt 1993). 
The incremental strain history recorded by syntectonic 
fibers in the Gasp6 Trough documents the progressive 
deformation history of the slate belt and shows that 
strain is also partitioned in time within this transpressive 
setting. Growth patterns of the fibers in the slate belt 
clearly prove that folding resulted from coaxial defor- 
mation during the first stages of the deformation. The 
folding was followed by development of the cleavage in 
the final state (Kirkwood 1993). During this first part of 
the deformation, the extension was vertical and the 
pure-shear component of the transpressive deformation 
was predominant. Strain estimates indicate shortening 
during this part of the deformation accounts for approxi- 
mately 70% of the total shortening (Kirkwood in press). 
The second strain component brought about fold-axis 
parallel extension which we relate to the map-view 
simple shear component of the transpressive regime. 
The abrupt reorientation of the extension direction from 
subvertical to subhorizontal records the transition from 
a pure shortening deformation to a simple shear domi- 
nant deformation within the overall transpressive set- 
ting. The strain recorded during the last stage of the 
deformation (30% of the total shortening) contributed 
to further tightening of the folds (Kirkwood 1993). 
Alternatively, our data set cannot rule out the fact that 
the first part of the deformation might reflect a purely 
convergent setting that evolved into a transpressive 
setting during oblique convergence. 

A discussion on the plate tectonic models of the 
Canadian Appalachians is beyond the scope of this 
paper. However, one must concede that the abrupt 
reorientation of the maximum extension within rocks of 
the Gaspd Trough reflects a change in kinematics in this 
part of the orogen during the Mid-Devonian Acadian 
orogeny. Many other collisional orogens exhibit two 
distinct deformation phases. As pointed out above, 
stretching lineations show curved patterns in arcuate 
fold- and thrust-belts and display more than one stretch- 
ing direction. In many orogens, stretching lineations 
trend at high angles to the mountain belt in the external 
parts of the orogen whereas strike-parallel stretching 
lineations are more common in the internal parts of the 
orogen (Platt et al. 1989). In frontal regions of forearcs, 
the geometry and the mechanical properties of the thrust 

wedge will influence the distribution of the strike- 
parallel component of velocity in an obliquely conver- 
gent system (Platt 1993). In the Northern Appalachians, 
the Acadian orogeny resulted from oblique convergence 
between composite Laurentia and the Gander margin of 
Gondwana during Late Silurian-Middle Devonian 
times (Rast & Skehan 1993, de Roo & van Staal 1994). 
Thus, orogen-perpendicular extension in the external 
zone and orogen-parallel extension in the internal zone 
of the Acadian orogen are to be expected. The first stage 
structures documented in the Gasp6 Trough which re- 
cord vertical stretching and orogen-perpendicular short- 
ening were most probably formed while the slate belt was 
located within the most external part of the orogen. As 
the locus of intense deformation migrated towards the 
foreland, the position of the slate belt evolved within the 
mountain belt, and the distance separating it from the 
internal part of the orogen was reduced. Consequent 
modifications of the geometrical and mechanical proper- 
ties within the slate belt could have caused the develop- 
ment of structures more typical of the internal parts of 
orogens, such as fold-axis parallel extension and strike- 
slip faulting. The abrupt reorientation of the strain 
principal directions recorded by the fibers within the 
Gasp6 Trough is very convincing evidence in support of 
such a kinematic transition in the foreland. However, 
the overall structural style of the belt is characteristic of 
external parts of orogens, the Gasp6 Trough being 
included in the external zone of the Acadian orogen. 

CONCLUSIONS 

Syntectonic fibers in pressure shadows around pyrite 
in the studied slate belt provide a unique three- 
dimensional record of the incremental strain history 
within a convergent wrench setting. Close examination 
of the fibers shows that they first curved towards paralle- 
lism with the cleavage within vertical sections normal to 
the cleavage and then rotated from a vertical X-parallel 
orientation to an essentially horizontal Y-parallel orien- 
tation in cleavage parallel sections. Up to 160% vertical 
and 110% fold-axis parallel extensions were recorded in 
the folded sequence and an overall regional shortening 
of up to 80% is estimated for the slate belt in western 
Gasp& Considerable fold-axis parallel extension is a 
result of the map-view simple shear component of the 
transpressive regime. This incremental strain study 
clearly demonstrates the kinematic transition from a 
pure shortening deformation to a simple shear dominant 
deformation in an overall transpressive setting. Folding, 
cleavage development, fold-axis parallel extension and 
strike-slip faulting are all related to the same progressive 
deformation attributed to continued plate convergence 
and culminating in collision during the Acadian Oro- 
geny. 
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APPENDIX 

Strain determination 

The principal incremental extensions were calculated using the rigid 
fiber model outlined by Ramsay & Huber (1983). Line segments were 
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constructed along central fibers to define the length of fiber incre- 
ments. These segments and the center of the pyrite framboid were 
digitized with the cleavage orientation in the final state as the reference 
orientation for CNV (XZ)  and CNH (YZ)  sections, and the vertical as 
the reference orientation for CP (XY) sections. Coordinates were 
converted into incremental elongations and corresponding orien- 

tations using a computer program written by P. Therrien. Incremental 
strains and orientations were assembled into incremental strain 
matrices using a second program written by P. Therrien which com- 
putes the progressive finite strains (1 + e I and 1 + e2) and their 
orientation, assuming plane strain and no volume change i.e. ez, = 0 
and e3, ' = 1/(1 + el,,) as discussed in the text. 

Table A1. Measured incremental strain 
Small fringes (<5mm) 

CNV sections 

No d(km) n 1 + e,l~z 1 + eizxz 1 + ei3xz R = (1 + el)/(1 + e3) 

8611xz 3.950 7 1.90 0.53 3.6 
8612xz 4.050 5 1.72 0.58 3.0 
8917xz 6.250 7 2.29 0.44 5.2 
8918-3xz 6.490 2 2.31 0.43 5.4 
8918-4xz 6.620 4 2.05 0.49 4.2 
8918-6xz 6.620 1 2.60 0.38 6.8 
8918-8xz 6.620 4 2.09 0.48 4.4 

Mean 6.62 2.13 0.47 4.5 
8921-2xz 8.600 8 2.09 0.48 4.4 
8923xz 9.640 2 1.62 0.62 2.6 
8923-1xz 9.760 1 1.54 0.65 2.4 
8923-2xz 9.760 4 2.53 0.40 6.3 
8923-4xz 9.760 1 1.85 0.54 3.4 

Mean 9.76 2.25 0.44 5.1 
8924-1xz 10.080 7 2.42 0.41 5.9 
8924-2axz 10.025 4 1.79 0.56 3.2 
8924-2bxz 10.025 6 2.17 0.46 4.7 
8924-2cxz 10.025 4 1.91 0.52 3.7 
8924-Z~z 10.025 4 1.86 0.54 3.4 
8924-3xz 10.025 2 2.18 0.46 4.7 
8924-4xz 10.025 4 2.19 0.46 4.8 

Mean 10.025 2.02 0.50 4.0 
8929xz 12.900 4 1.81 0.55 3.3 
8930-1xz 13.885 5 2.46 0.41 6.0 
8930-3xz 13.945 6 1.90 0.53 3.6 
8930-5xz 13.945 10 1.71 0.58 2.9 
8930-5axz 13.945 9 1.79 0.56 3.2 
8930-5bxz2 13.945 7 2.14 0.47 4.6 

Mean 13.945 1.87 0.53 3.5 
8930-8xz 14.010 17 2.57 0.39 6.6 
8930-10xz 14.010 11 2.62 0.38 6.9 

Mean 14.01 2.59 0.39 6.6 
8930-1Z~z 14.030 4 1.82 0.55 3.3 
8930-16axz 14.030 4 2.25 0.44 5.1 
8930-16bxz 14.030 7 2.70 0.37 7.3 

Mean 14.03 2.26 0.44 5.1 
8931-3xz 14.348 1 3.00 0.33 9.1 
8931-4xz 14.348 5 2.59 0.39 6.6 
8931-5xz 14.348 9 2.30 0.43 5.3 
8931-6xz 14.348 3 2.41 0.41 5.9 
8931-7xz 14.348 10 2.05 0.49 4.2 
8931-8xz 14.348 1 1.60 0.63 2.5 

Mean 14.348 2.27 0.44 5.2 
8931-9xz3 14.357 1 2.43 0.41 5.9 
8931-10axz 14.357 4 2.18 0.46 4.7 
8931 - lObxz 14.357 4 1.87 0.53 3.5 
8931 - lOcxz 14.357 1 2.18 0.46 4.7 
8931-12xz 14.357 4 1.94 0.52 3.7 

Mean 14.357 2.03 0.49 4.1 
8931-14xz 14.425 3 2.65 0.38 7.0 
8931 - 15xz 14.460 4 2.57 0.39 6.6 
8931-15bxz 14.460 5 2.20 0.45 4.9 

Mean 14.46 2.37 0.42 5.6 
8832-2xz 15.480 5 1.87 0.53 3.5 
8935-1xz 17.335 7 2.11 0.47 4.5 
8935-3xz 17.335 3 2.32 0.43 5.4 

Mean 17.335 2.17 0.46 4.7 
8935-5axz 17.680 3 1.65 0.61 2.7 
8935-5cxz 17.680 1 1.32 0.76 1.7 

Mean 17.68 1.57 0.64 2.5 
8935-6xz 17.915 6 1.67 0.60 2.8 
8935 -7xz 17.915 4 2.03 0.49 4.1 
8935-8cxz 17.915 5 2.02 0.50 4.0 
8935-9bxz 17.915 6 2.01 0.50 4.0 
8935-9cxz 17.915 11 2.30 0.43 5.3 

Mean 17.915 2.05 0.49 4.2 

Continued 
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Table A1. Continued 

C N H  sections 

No d(km) n 1 + eil,~ z 1 + eiz~, - 1 + ei3.,:z R = (1 + el)/(1 + e3) 

8839-1xz 19.850 5 2.3l 0.43 5.4 
8839-2xz 19.870 6 2.59 0.39 6.6 
8841-1xz 21.800 6 2.35 0.43 5.5 
8842- l x z  22.750 4 1.77 0.56 3.2 
8844-2xz 24.850 3 2.27 0.44 5.2 
8918-2yz 6.490 4 1.79 0.56 3.2 
8918-7yz 6.620 8 1.69 0.59 2.9 
8918-8yz 6.620 6 1.77 0.56 3.2 

Mean 6.62 1.73 0.58 3.0 
8921-1yz 8.600 9 2.04 0.49 4.2 
8922- I yz 9.060 7 1.82 0.55 3.3 
8922-2yz 9.080 4 1.79 0.56 3.2 
8923-4yz 9.760 10 1.75 0.57 3.1 
8924-1yz 10.080 7 1.84 0.54 3.4 
8930-3ayz 13.945 2 1.83 0.55 3.3 
8930-3byz 13.945 6 1.85 0.54 3.4 
8930-7yz 14.010 1 1.77 0.56 3.2 
8930-8yz 14.010 3 1.61 0.62 2.6 
8930-10yz 14.010 8 2.04 0.49 4.2 

Mean 14.01 1.91 0.52 3.7 
8931-6yz 14.348 5 1.87 0.53 3.5 
8931-15yz 14.460 5 2.05 0.49 4.2 
8935-7yz 17.915 1 1.93 0.52 3.7 
8935-9byz 17.915 1 2.06 0.49 4.2 

Mean 17.915 2.00 0.50 4.0 
8839-1yz 19.850 3 1.36 0.74 1.8 
8839-2yz 19.870 6 1.93 0.52 3.7 
8841 - l y z  21.800 3 1.87 0.53 3.5 
8842- lyz 24.850 5 2.11 0.47 4.5 

CP sections 

No d(km) n 1 + eilxy 1 + ei2xy 1 + ei3:,y R = (1 + el)/(1 + e3) 

861 lxy 3.950 11 2.55 1.16 0.34 7.5 
8612xy 4.050 10 2.17 1.29 0.36 6.0 
8918-6axy 6.620 1 1.80 1.14 0.49 3.7 
8923xy 9.640 1 1.76 1.10 0.52 3.4 
8924- lxy  10.080 3 1.89 1.30 0.41 4.6 
8924-4xy 10.025 2 2.04 1.14 0.43 4.7 
8929xy 12.900 4 1.84 1.37 0.40 4.6 
8930-5xy 13.945 7 2.12 1.13 0.42 5.0 
8930-8xy 14.010 5 3.59 1.25 0.22 16.3 
8930-10xy 14.010 7 2.78 1.25 0.29 9.6 

Mean 14.01 3.11 0.32 9.7 
8931-8xy 14.348 2 1.64 1.27 0.48 3.4 
8931-10axy 14.357 5 2.06 1.24 0.39 5.3 
8931-10bxy 14.357 2 2.46 1.24 0.33 7.5 

Mean 14.357 2.06 1.25 0.40 5.2 
8931-15xy 14.460 5 2.04 1.23 0.40 5.1 
8935-6axy 17.915 4 2.33 1.13 0.38 6.1 
8935-6bxy 17.915 2 2.03 1.11 0.44 4.6 
8935-7xy 17.915 1 1.69 1.11 0.53 3.2 

Mean 17.915 2.15 1.09 0.43 5.0 

No: thin section number .  
d(km): distance from Restigouche fault. 
n: Number  of fibers around different pyrite framboids measured.  
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Table A2. Measured incremental strain 

Large fi-inges (>5mm) 
CNV sections 

No d(km) n 1 + el l . :  1 + e i~z  1 + ei3~. z R = (1 + e0/(1 + e3) 

343 

8629xz 12.250 3 1.68 0.60 2.8 
8632- l x z  15.440 2 1.93 0.52 3.7 
8918-3xz 6.490 1 1.58 0.63 2.5 
8918-4xz 6.620 1 2.05 0.49 4.2 
8918-6xz 6.620 1 1.57 0.64 2.5 

Mean 6.62 1.81 0.55 3.3 
8923-1 axz  9.760 1 1.67 0.60 2.8 
8923-2xz 9.760 2 1.73 0.58 3.0 
8924- l x z  10.080 1 2.01 0.50 4.0 
8924-2xz 10.025 2 1.60 0.63 2.5 
8930-12xz 14.030 1 2.45 0.41 6.0 
8930-16xz 14.030 2 1.43 0.70 2.0 
8931-3xz 14.348 1 1.83 0.55 3.3 
8931-4xz 14.348 1 2.93 0.34 8.6 
893 l-5xz 14.348 1 3.13 0.32 9.8 
8931-6xz 14.348 1 2.96 0.34 8.7 
8931-7xz 14.348 1 1.82 0.55 3.3 
8931-8xz 14.348 1 1.82 0.55 3.3 

Mean 14.348 2.42 0.41 5.9 
8931-10axz 14.357 1 2.10 0.48 4.4 
8931 - 14xz 14.425 1 1.85 0.54 3.4 
8935-5bxz 17.680 1 1.65 0.61 2.7 
8935-8cxz 17.680 1 1.93 0.52 3.7 
8935-9cxz 17.680 1 1.48 0.68 2.2 

Mean 17,68 1.69 0.59 2.9 

CP sections 

No d(km) n 1 + eilxy l + e,.2x v 1 + ei3xy R = (1 + el)/(1 + e3) 

8629xy 12.250 1 1.54 1.10 0.59 2.6 
8632xy 15.440 1 1.73 1.15 0.50 3.5 
8918-6axy 6.620 1 1.34 1.18 0.63 2.1 
8930-5xy 13.945 1 1.33 1.13 0.67 2.0 
8930-10axy 13.945 1 1.31 1.24 0.62 2.1 
8931-10axy 14.357 1 1.31 1.24 0.62 2.1 
8935-5axy 17.680 1 1.42 1.04 0.68 2.1 
8935-6bxy 17.680 1 1.36 1.04 0.71 1.9 

Mean 17.68 1.39 1.04 (/.69 2.0 

CNH sections 

No d(km) n 1 + eib, z 1 + ei2y~ 1 + ei3yz R = (1 + el)/(1 + e3) 

8918-2yz 6.490 2 1.34 0.75 1.8 
8918-6yz 6.620 1 1.37 0.73 1.9 
8931-10yz 14.357 1 1.12 0.89 1.3 

No: thin section number. 
d(km): distance from Restigouche fault. 
n: number of fibers around different pyrite framboids measured. 


