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Abstract The Lower Silurian—Lower Devonian Arisaig
Group (Antigonish Highlands) in the Canadian Appala-
chians is a sequence of shallow marine strata deposited
after the accretion of Avalonia to Baltica during the closure
of the Iapetus Ocean. Deformation of the strata is widely
attributed to the Devonian Acadian orogeny and produced
shallowly plunging regional folds and a cleavage of varying
penetrativity. Phyllosilicate minerals from the finest-
grained rocks exhibit very low-grade (diagenetic-anchi-
zone) metamorphic conditions. X-ray diffraction study
reveals that the sampled rocks contain quartz, K-white
mica, chlorite, and feldspars; illite—smectite and chlorite—
smectite mixed-layers are common but Na-K mica and
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kaolinite occur only in some samples. The identification of
illite—smectite mixed-layers in diagenetic samples, with
Kiibler Index >0.50 A°26 and the highly heterogeneous
b-cell dimension of the K-white micas are in agreement
with the variable chemical composition of dioctahedral
micas, which present low illitic substitution and variable
phengitic content. The spatial variation in the above crystal-
chemical parameters was plotted along a NW-SE composite
cross section across the regional folds. No correlation was
found between the metamorphic conditions and either the
stratigraphic depth or the strain values measured by phyl-
losilicates orientation analyses, as a function of the
penetrativity of the cleavage. However, the metamorphic
grade generally increases towards the Hollow Fault, and is
highest in samples located within a 1 km corridor from the
fault surface. Incipient cleavage is observed in the anchi-
zonal samples located in the vicinity of the Hollow Fault and
in some of the diagenetic samples, indicating cleavage
development under low temperatures (<200 °C). These
relationships, together with regional syntheses, suggest low-
grade metamorphism post-dated regional folding and was
coeval with Late Carboniferous dextral movement along the
Hollow Fault. Fluid circulation associated with movement
along this major fault may be the driving mechanism for the
increasing metamorphism towards it.
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1 Introduction

The sensitivity of the crystal-chemical parameters of
phyllosilicate minerals to changes in temperature, pressure
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and deformation (finite strain) facilitates the characteriza-
tion of the diagenetic to low-grade metamorphic evolution
in sedimentary basins (Frey 1987; Merriman and Peacor
1999; Abad et al. 2010; among others). Determination of
these parameters may also assess (1) the potential rela-
tionship of the diagenetic-metamorphic gradient with either
the burial depth (Nieto et al. 1996) or the strain recorded in
the rocks (Reinhardt 1991; Gutiérrez-Alonso and Nieto
1996; Giorgetti et al. 2000) and (2) the geodynamic envi-
ronment that accompanied regional deformation and
phyllosilicate mineral growth (Abad et al. 2003a).

In the Appalachian orogen of northern mainland Nova
Scotia, Canada, the Arisaig Group (Antigonish Highlands)
provides excellent exposures of shallow marine Lower Silu-
rian to Lower Devonian siliciclastic sedimentary rocks that
underwent low-grade metamorphism between the Early and
Late Devonian (Boucot et al. 1974). The Antigonish High-
lands lies within Avalonia (Fig. 1), a terrane that originated
along the margin of Gondwana in the Neoproterozoic (e.g.
Murphy and Nance 2002; Nance et al. 2010). Deposition of
the Arisaig Group strata occurred during a particularly
important time interval in the evolution of Avalonia. Regional
syntheses indicate that deposition began after the accretion of

Avalonia to Baltica (Murphy et al. 1996; Cocks and Torsvik
2002; Fortey and Cocks 2003; Murphy et al. 2006) during the
closure of the Iapetus Ocean, whereas deformation of the
strata is widely attributed to the Late Devonian Acadian
orogeny (Waldron et al. 1996; Braid and Murphy 2006) which
is interpreted reflect either the accretion of Avalonia to
ancestral North America (Laurentia, e.g. van Staal et al.
1998, 2009) or ridge subduction during the closure of the
Rheic Ocean that led to the Alleghanian-Variscan orogeny
(Woodcock et al. 2007; Gutiérrez-Alonso et al. 2008).
Although the stratigraphy and structural style of the
Arisaig Group has been studied in detail (Boucot et al.
1974; Braid and Murphy 2004), an understanding of its
regional significance is hindered by the lack of knowledge
about the P-T conditions that accompanied the growth of
phyllosilicate minerals it contains. In this paper, we present
a detailed characterization (crystal-chemical parameters,
textural and chemical features) of the phyllosilicate min-
erals from the fine-grained rocks of the Arisaig Group.
Our large dataset provides new insights into the low-
grade metamorphic conditions of these rocks, the clay
mineral genesis, and its potential relationship to the
regional deformation processes (the Early Devonian
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Fig. 1 Map of the North Atlantic Borderlands in their pre-Mesozoic
drift positions showing the distribution of Avalonia and other
Neoproterozoic peri-Gondwanan terranes (modified from Strachan
and Taylor 1990; Nance and Murphy 1994). The portion of Avalonia
in Atlantic Canada is identified as West Avalonia, the portion in

Britain and Ireland is known as East Avalonia. Only peri-Gondwanan
terranes where Cambrian overstep sequences occur are identified (see
Theokritoff 1979; Keppie 1985; Murphy et al. 2004; Landing 2005).
AB Antigonish Basin, AH Antigonish Highlands, HF Hollow Fault,
MB Maritimes Basin, MFZ Minas Fault Zone, SB Stellarton Basin
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Acadian orogeny and the Carboniferous Alleghanian
orogeny). More generally, the dataset provides an example
of how knowledge of crystal-chemical parameters of
phyllosilicate minerals contributes to the understanding
of the evolution of an orogen. We also test the correlation
of the metamorphic conditions in relation to the strain
values measured as a function of the penetrativity of the
cleavage with phyllosilicates orientation analysis using
two-dimensional diffraction patterns, obtained with a X-ray
single-crystal diffractometer, which has allowed to assess
the importance of other factors different from deformation
in acquiring the metamorphic grade obtained in the studied
rocks.

2 Geologic setting

The Arisaig Group occurs along the flanks of the Antigo-
nish Highlands in the Avalon terrane of northern mainland
Nova Scotia (Fig. 2). The group unconformably overlies
(1) Upper Neoproterozoic arc-related volcanic and sedi-
mentary rocks (Georgeville Group, Murphy et al. 1991), (2)

Fig. 2 Simplified geological
map (after Murphy et al. 1991,
modified by Escaragga et al.
2012) with the cross section
sampled along Arisaig Group as
A-A’. The sampling locations
are represented by stars

a Cambrian-Lower Ordovician sequence of bimodal intra-
continental volcanic rocks and terrestrial to shallow marine
strata (e.g. Landing and Murphy 1991) and (3) a Middle to
Upper Ordovician bimodal intra-continental volcanic rocks
and interbedded red clastic sediments, known as the Dunn
Point and McGillivray Brook formations north of the Hol-
low Fault and the coeval Bears Brook Formation south of
the Hollow Fault (Fig. 2; Hamilton and Murphy 2004). The
Arisaig Group was deformed into NE-trending regional
folds in the Middle Devonian and is unconformably overlain
by Middle to Upper Devonian basalts and continental
redbeds of the McArras Brook Formation.

2.1 Stratigraphy

The Arisaig Group is described in detail by Boucot et al.
(1974), Murphy (1987), Waldron et al. (1996) and Meyer
et al. (2008). It consists of 1,800-1,900 m continuous
stratigraphic sequence that is Llandoverian to Lochkovian
in age and is dominated by unmetamorphosed shallow
marine fossiliferous siliciclastic rocks (Fig. 3a). The basal
Lower Llandovery Beechill Cove Formation contains
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conglomerate and shale deposited in a near shore envi-
ronment, overlain by interbedded mudstone, shale and
sandstone (Pickerill and Hurst 1983). The Middle to Upper
Llandovery Ross Brook Formation consists of graptolite-
bearing black shale, muddy siltstone, arenaceous limestone
and ash (K-bentonite) beds (Boucot et al. 1974; Hurst and
Pickerill 1986; Bergstrom et al. 1997), and is conformably
overlain by the Wenlockian French River Formation, a
sequence of interbedded green fissile shale, siltstone, and
sandstone and minor ironstone. The overlying Upper
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Wenlockian Doctors Brook Formation consists of inter-
bedded laminated shale, minor siltstone, and arenaceous
limestone and is conformably overlain in turn by inter-
bedded fissile shale, calcareous siltstone, and fossiliferous
limestone, minor ash beds of the Lower Ludlovian Mac-
Adam Brook Formation and by green interbedded siltstone,
shale, mudstone, and subaerial red mudstone of the Upper
Lludlovian Moydart Formation (Dineley 1963; Lane and
Jensen 1975). These strata are conformably overlain by
interbedded mudstone, shale with minor siltstone and
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sandstone of the Pridolian Stonehouse Formation, followed
by subaerial interbedded red and green coarse to fine-
grained clastic rocks of the Knoydart Formation (Boucot
et al. 1974).

According to Waldron et al. (1996), Arisaig Group basin
development began with an Early Llandovery phase of
rapid subsidence and extension (30-60 %), followed by
thermal relaxation and slower subsidence rates in the
Wenlockian and Ludlow. In the Pridoli, deposition of the

Fig. 4 Composite cross section
across shallow plunging
synclinal affected by the Hollow
Fault showing the Kiibler Index
(KI) values of the studied

Stonehouse Formation was coeval with vastly increased
subsidence rates and accommodation space.

2.2 Structure

The strata were deformed into regional NNE-trending folds
prior to the deposition of the Middle to Upper Devonian
McAurras Brook Formation, which is only moderately tilted
(typically dips of 40° or less) and displays no internal
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deformation (Boucot et al. 1974; Braid and Murphy 2006).
These relationships suggest an Early to Middle Devonian
age of deformation.

North of the Hollow Fault, the Arisaig Group strata are
folded into a large-scale (km scale wavelength) NNE-NE
D, asymmetric syncline with subsidiary minor folds
(Figs. 2, 4) that plunge gently to the SW. An axial planar
cleavage is penetrative in shale but is non-penetrative in
siltstone and sandstone. Cleavage-bedding intersection
lineations (L;) plunge gently to the southwest and are sub-
parallel or slightly shallower than the regional fold axis.
Sedimentary structures provide way-up criteria indicating
that the steep north-western limb of the syncline is gener-
ally steeply dipping and commonly overturned. Boucot
et al. (1974) noted a gradual opening of the fold with a
slight increase in plunge and an increase in fold symmetry
across the hinge.

To the south of the Hollow Fault, the Arisaig Group
strata adjacent to the fault (i.e. <3 km) display similar
structures and are also folded into a km-scale syncline
(Fig. 4; Benson 1974; Murphy et al. 1991). However,
Neoproterozoic (Georgeville Group) strata, which uncon-
formably underlie Arisaig Group rocks along the southern
flank of the syncline, do not exhibit these structures, sug-
gesting that folding predominantly occurred within a few
km of the Hollow Fault.

2.3 Role of the Hollow Fault

The Hollow Fault is one of the most important lineaments
in the Canadian Appalachians and preserves evidence for
repeated episodes of movement in a variety of tectonic
settings between the Late Neoproterozoic and Late Paleo-
zoic (Murphy et al. 1999). The close proximity of the folds
in Arisaig Group strata to the NE-trending Hollow Fault
and their absence in correlative strata in southern and
eastern Antigonish Highlands suggest a genetic relation-
ship between folds and movement along the Hollow Fault.
Early to Middle Devonian transpressive and dextral motion
along the Hollow Fault is characterized as a local response
to the regionally widespread Acadian Orogeny (Braid and
Murphy 2006).

Several studies indicate that the Hollow Fault also had
significant dextral movement during the Late Carbonifer-
ous Alleghanian orogeny. This movement resulted in the
offset of previous Acadian folds as well as local zones of
either basin development (Yeo and Ruixiang 1987; Wal-
dron 2004) or zones with pervasive deformation (Murphy
et al. 1999, 2011) in areas immediately adjacent to the
Antigonish Highlands.

Although the effects of the Alleghanian orogeny on
Arisaig Group strata have not been documented, regional
studies indicate that the Hollow Fault was re-activated

during the Carboniferous producing the Stellarton Basin
(Waldron 2004) with faults and polydeformation charac-
terized by reverse faults and local isoclinal folding
(Murphy et al. 2011).

3 Methods
3.1 Sampling strategy

Seventeen samples were collected along the composite
cross section in order to record any variations in meta-
morphic grade across the whole range using the illite
crystallinity technique (Kiibler 1968) and to establish the
metamorphic conditions. Six shale samples were selected
as representative of the various degrees of foliation
development (deformation features) observed in the rocks
at outcrop scale to be studied in detail through a X-ray
single-crystal diffractometer used as a X-ray texture dif-
fractometer in order to characterize the variations in the
foliation. In particular, field observations indicate clear
differences regarding the development of a penetrative
foliation. Three samples were studied in more detail by
scanning electron microscopy (SEM) to get a better
understanding on the nature and origin of the development
of the metamorphic phyllosilicates in relation with the
deformation in the rocks.

Samples were collected in the Beechill Cove (3), Ross
Brook (5), French River (2), MacAdam Brook (2), Moydart
(2), and Stonehouse (3) formations and are representative
of the whole stratigraphy of the region (Fig. 4). In order to
assess their relationship with Acadian deformation, the
samples have been plotted along a composite section across
the shallowly plunging “Acadian” folds that crop out in the
northern Antigonish Highlands. These folds have variable
axial planar cleavage development (locally penetrative,
generally non-penetrative), and have been attributed to
transpressional deformation coeval with the movement of a
major NE-trending dextral strike-slip fault (Hollow Fault,
Murphy and Keppie 1998; Braid and Murphy 2006).

3.2 X-ray diffraction

The seventeen studied samples were washed and, after
coarse crushing, homogeneous rock chips were used for
preparation of X-ray diffraction (XRD) samples to deter-
mine the overall trends in mineral assemblages and record
any variations in metamorphic grade along the studied
cross sections using the Kiibler Index (Kiibler 1968).
Currently, the Kiibler Index is the most common method
used to determine the metamorphic grade and to identify
variations in the anchizone conditions between diagenesis
and low-grade metamorphism in metapelitic sequences.
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This index is based in the measurement of the full peak
width at half maximum intensity of the first, 10 A, X-ray
powder-diffraction peak of K-white mica and it is expres-
sed as A°20 in the Bragg angle.

Whole-rock samples and clay fractions (<2 pm) were
studied using a Philips PW 1710 powder diffractometer
with CuKo radiation, graphite monochromator and auto-
matic divergence slit at the Departamento de Mineralogia y
Petrologia of the Universidad de Granada. The <2-pum
fractions were separated by repeated extraction of super-
natant liquid subsequent to settling. Oriented aggregates
were prepared by sedimentation on glass slides. Ethylene
glycol (EG) and dimethyl sulfoxide (DM) treatments were
carried out on selected samples to corroborate the identifi-
cation of illite—smectite, chlorite—smectite, and kaolinite on
the basis of the expansibility of these phases. Preparation of
samples and experimental conditions for illite “crystallin-
ity” (Kiibler Index, KI) measurements were carried out
according to IGCP 294 IC Working Group recommenda-
tions (Kisch 1991). Our KI measurements (x) were
transformed into crystallinity index standard (C.1.S.) values
(y) according to the equation y = 1.918x — 0.0723
(r = 0.999), obtained in the laboratory using the interna-
tional standards of Warr and Rice (1994). KI values
were measured for the <2-pum air-dried fractions, <2-pum
EG-treated fractions, and for the bulk-rock samples. In
addition to the 10 A peak, the 5 A reflection was also
measured to check the effect of other mineral phases on the
former measurement following the procedures of Nieto and
Sanchez-Navas (1994) and Battaglia et al. (2004). The
b-cell parameters of micas and chlorites were obtained from
the (060) peaks measured on slices of rock cut normal to the
main foliation of the samples (Sassi and Scolari 1974). Such
slices are essentially perpendicular to the (001) planes of
phyllosilicates and thus avoid interference from peaks other
than (060) (Frey 1987). The basal spacing of micas (dgg),
which are related with their chemical composition (Guidotti
et al. 1992), were also determined. For all spacing mea-
surements, quartz from the sample itself was used as
internal standard.

Following the XRD and optical study, six samples were
prepared for the characterization of the fabrics. Samples
were cut in 1 x 1 cm in slices and were analysed using a
X-ray single-crystal diffractometer equipped with a CCD
area detector (D8 SMART APEX, Bruker, Germany). For
the diffraction experiments, the working conditions were:
MoKo (4 = 0.7093 A), 50 kV and 30 mA, a pin-hole
collimator of 0.5 mm in diameter, and an exposure time of
20 s per frame. Diffractometer angles w and 20 were set at
10 and 20°, respectively, to analyze the samples in reflec-
tion mode. A set of 2D diffraction patterns was obtained
while rotating the sample around ® angle (a frame every
5°). To determine the scattering or the degree of prefer-
ential orientation of clay basal planes, all frames were
added and the intensity profile along the 001 Debye—
Scherrer rings associated with these planes was calculated.
The preferential orientation of the crystals with their basal
planes parallel to the foliation concentrates the intensity in
arcs as these planes reflect on the same portion of the ring.
Thus, the width of the broad bands (angular spread, AS)
displayed along the intensity profile of these rings is a
gauge of the scattering in the orientation of 00l planes
(Fig. 5). Additionally, pole figures for main chlorite and
mica (001) reflections were calculated from the registered
frames using XRD2Dscan software (Rodriguez-Navarro
2006). These pole figures represent the intensity variation
of (001) reflections as a function of the sample orientation.

3.3 Scanning electron microscopy

Three samples were selected to cover different metamor-
phic grades and various degrees of foliation development
for electron microscopy study on the basis of the crystal-
chemical parameters, the mineral assemblages and field
observations. Carbon-coated polished thin sections were
examined by SEM, using back-scattered electron (BSE)
imaging and energy-dispersive X-ray (EDX) analysis to
obtain textural and chemical data. These observations were
carried out using a Zeiss DSM 950 SEM, equipped with an
X-ray Link Analytical QX-20 EDX system and a Leo

Fig. 5 Chlorite intensity profile
along its (002) Debye—Scherrer s 4
ring, displaying a band with a
value of angular spread (AS)
equal to 46.7° (sample AG-3), 600
that is, a moderate degree of
orientation of its basal planes 400 4
AS
200 M
U N N I Ill #— T T N I I I I
0 50 100 150 200 250 300 350

Psi(deg.)
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1430-VPSEM at the Centro de Instrumentacion Cientifica
(C.I.C.) of the Universidad de Granada. An accelerating
voltage of 20 kV, with a beam current of 1-2 nA and
counting time of 50 s were used to analyse the silicates by
SEM, using the following standards: albite (Na), periclase
(Mg), wollastonite (Si and Ca), and orthoclase (K), and
synthetic Al,O3 (Al), Fe,O3 (Fe) and MnTiO; (Ti and Mn).
When such conditions, equivalent to the routine micro-
probe analyses, are used, major element data reach an
accuracy level similar to the latter technique (see Table 2
in Abad et al. 2003b).

The structural formulae of micas were calculated on the
basis of 22 negative charges O;o(OH),. Following Guidotti
et al. (1994), we assumed that 75 % of the Fe in the micas
is Fe>". The chlorite formulae were calculated on the basis
of 28 negative charges.

4 Results
4.1 Mineralogy and crystal-chemical parameters

The XRD results are depicted in Table 1. With the
exceptions of fine-grained sandstone AG-13 and siltstone
AG-17, the rest of the samples are shales showing very
homogeneous whole-rock composition. The sampled rocks
contain ubiquitous quartz, K-white mica, chlorite, and
feldspar; illite—smectite (I/S) and chlorite-smectite (C/S)
mixed-layers are common in the clay fraction, but Na-K
mica and kaolinite occur only in some samples.

Kiibler Index (KI) values measured in the 10 A peak of
the <2 pum fraction are indicative of a range from diagen-
esis to high anchizone (Kiibler 1968). The metamorphic
grade varies and, in general, increases in samples closest to
the Hollow Fault (especially in those ones located within
1 km from the fault surface, Figs. 2 and 4). In samples for
which the widths of the 10 and 5 A peaks are very similar,
K-white mica is the only 10 A mineral phase present. In
samples where the 10 A peaks are wider than the 5 A
peaks, other mineral phases (I/S, C/S and Na-K mica) are
thought to interfere with the 10 A peak (Nieto and
Sanchez-Navas 1994; Battaglia et al. 2004). These latter
samples present KI measured on <2 um EG-treated frac-
tions clearly lower than those of the <2 um air-dried
fractions, which demonstrates the presence of I/S mixed-
layers (Nieto and Sanchez-Navas 1994). In fact, the pres-
ence of I/S mixed-layers in samples with KI >0.50° 20
indicates diagenetic conditions (Table 1; Fig. 4). The lack
of homogenization of the chemical composition of the
K-white micas, indicated by highly heterogeneous b-cell
dimension (average value 9.013 A; SD 0.017/&) and basal
spacing of micas (dgo;, values between 9.957-10.009 A)
are also typical of diagenetic conditions.

In most of the samples, the peak at 14 A (corresponding
to chlorite) is small, and is absent after EG and DM
treatments, reflecting high Fe contents (Brown 1961) and
low quantities of chlorite.

4.2 Phyllosilicate orientation analysis of the rock
fabrics by two-dimensional diffraction patterns

The preferential orientation of the crystals with their basal
planes parallel to the foliation of the slate concentrates the
intensity of 001 reflections in arcs as these planes reflect on
the same portion of their associated Debye—Scherrer ring.
Thus, the width of bands displayed in the intensity profile
of these rings is a measure of the angular spread (AS) in the
orientation of basal planes (Fig. 5). The smaller the AS
value, the strongest is the preferential orientation of crys-
tals and the smaller the scattering in the orientation of these
planes. The AS values for chlorite and muscovite obtained
for the analyzed samples under the X-ray single-crystal
diffractometer are given in Table 2 and reflect the prefer-
ential orientation of the phyllosilicate grains. The smaller
AS values in samples AG-3, AG-7, and AG-8 than in
samples AG-2, AG-12, and AG-15 are interpreted to rep-
resent a higher amount of phyllosilicate crystals oriented in
the same plane which is related to the existence of a more
penetrative tectonic fabric. The pole figures graphically
illustrate these results (Fig. 6), which are in coherence with
field observations. Samples in the center of the cross sec-
tion, closer to the Hollow Fault (Fig. 4) show a stronger
preferred orientation of the phyllosilicates, which is inter-
preted as due to the presence of a more penetrative
cleavage as can be also in concordance with the cleavage
penetrativity observed in thin section.

Nevertheless, when the AS values are compared to the KI
data of each sample, there seems to be no relationship
between the degree of preferential orientation of clay basal
planes parallel to the foliation of the slates and the illite
“crystallinity”. Figure 7 shows that the lowest AS values
(samples with the highest preferential orientation of phyllo-
silicates) are found indifferently in diagenetic or anchizonal
samples, and are also independent of the sample distance
from the Hollow Fault. Although the samples with a higher
phyllosilicate preferred orientation coincide with samples
close to the fold axial plane, the change in metamorphic
grade corresponds to distance from the Hollow Fault.

4.3 SEM observations
4.3.1 Texture
Backscattered scanning electron (BSE) images of selected

samples show that these are quartz-rich rocks of fine-grained
texture with phyllosilicate microdomains (predominantly
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Table 2 Width of the broad bands measured at half maximum 1.2, : =
intensity (AS) displayed along the Chl (002) and Ms (002) intensity diagenesis
profiles ) AG-12
AS Chl AS Ms AG-3
¢ 0O
AG-2 >120 >120 0.8 AG2
AG-3 47 56 3 "
AG-7 56 73 < 06/ A8 ACHS
Jross *
AG-8 54 58 X
AG-12 73 56 04 e h ......
AG-15 81 83 ’AG-? anchizone
Mineral abbreviations according to Whitney and Evans (2010): Chl 0.2 1
chlorite, Ms muscovite Chl ¢
Ms O
0
0 50 100 150
AG-3 AS (Psi deg)

AG-7

Kl= 0.29 I

AG-15
Ki= 0.59

Fig. 6 Pole figures showing the orientation of (002) planes of
chlorite crystals in the analyzed samples. The colour is related with
diffraction intensity and represents the amount of crystals oriented in
the same direction. The maximum colour intensity corresponds to the
strongest preferential orientation of the crystals

white mica and chlorite) and iron sulphides and titanium
oxides as common accessory minerals. The diagenetic
sample AG-2 preserves no evidence of fabrics that could be
attributed to a tectonic origin (Fig. 8a). In spite of its dia-
genetic grade (Fig. 4), sample AG-3 displays clear textural
differences from AG-2, showing incipient development of
a foliation (Fig. 8b), in agreement with the AS values
(Table 2) and pole figures (Fig. 6). Sample AG-10, from
near the fault plane, is characterized by incipient slaty
cleavage defined by sub-parallel packets of phyllosilicate
minerals, which in places form chlorite-mica stacks with
curved shapes (Fig. 8c).

Fig. 7 Plot showing the relation between the Kiibler Index (KI)
values and the angular spread (AS), as an indication of the orientation
degree, for the (002) reflection of chlorites (Chl) and muscovites (Ms)
for the analyzed samples by a X-ray single-crystal diffractometer

4.3.2 Chemical composition of silicates

The chemical compositions of dioctahedral micas are
presented in Table 3. They are quite variable within each
sample, with an almost complete absence of illitic substi-
tution (Zinterlayer >0.8 atoms per formula unit (a.p.f.u.)
and lack of correlation between the interlayer popula-
tion and Si content, r = —0.27) and variable phengitic
content (Fe + Mg = 0.1-0.5 a.p.f.u., average value of
Si = 3.16 a.p.f.u.). Such characteristics point to a possible
detrital origin of analysed micas due to their greater size
than the <2 pm fraction analysed by XRD. Na is generally
present in low quantities (<0.15 a.p.f.u.) in most of the
white micas analysed and Ca (also analysed) has not been
included in the table as it is present in proportions
<0.01 a.p.f.u. Although Ti is not abundant in white micas,
it has been measured in almost all the analyses; its presence
is probably linked to minor titanium oxide intergrowths
within the K-rich dioctahedral micas.

Trioctahedral chlorites (Table 4) correspond to the
chamosite variety with a high Fe/(Fe + Mg) ratio
(0.56-0.85). The sum of octahedral cations is almost always
<6 a.p.f.u. and a slight contamination by interlayer cations
(K and Na) has been detected in almost all the chlorite
analyses. These data are, in part, the result of the
unavoidable overlapping of the beam on material other
than the mineral under investigation due to the very fine-
grained nature of the samples.

Kaolinite, analyzed in sample AG-2 (Fig. 8a), has an
Al-rich composition, with very minor quantities of Fe, Mg,
and alkaline elements probably due to the contamination
with other phases, such as white mica. Analyzed
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Fig. 8 Backscattered electron (BSE) images showing the fine-
grained texture of quartz-rich rocks with microdomains of phyllos-
ilicate minerals. a AG-2 sample; b AG-3 sample; ¢ AG-10 sample.
Mineral abbreviations according to Whitney and Evans (2010):
Ab albite, Chl chlorite, Kin kaolinite, Ms muscovite, Oz quartz

plagioclase grains display compositions near to the albite
end-member.

5 Discussion

The Arisaig Group provides the most continuous and the
best exposure of shallow marine Silurian to Lower Devo-
nian rocks in the Appalachian orogen. This research focuses
on mineral and fabrics characterization, crystal-chemical
parameters, and chemical composition of the phyllosilicate
minerals in the fine-grained rocks. The results pertain to the
understanding of the diagenetic/metamorphic evolution of
sediments during burial in a basin as well as to the rela-
tionship between the orogenic events, deformation, and
fabric development in the shallow crust. The Arisaig Group
samples are positioned along a composite cross section
across shallowly plunging Acadian folds. These folds have
variably developed axial planar cleavage, the origin of
which is interpreted to be related to transpression linked to
dextral movement along the Hollow Fault.

The mineral assemblages in the Arisaig Group samples
are, in general, typical of diagenetic to very low-grade
metamorphic conditions. Chlorite, muscovite, and quartz are
present in all samples. Feldspars (mostly albite) occur in
almost all samples, whereas I/S mixed-layers and kaolinite
have been identified in the diagenetic samples and Na—K
mica in the anchizonal ones. Chlorite-white mica stacks,
characteristic of the anchizone were studied by backscat-
tered electron images (Fig. 8c). The chemical composition
of dioctahedral micas is quite variable, and shows very low
illitic substitution and variable phengitic content. This
composition is in agreement with the highly heterogeneous b
and dgp; parameters of the muscovite (Table 1) and with the
diagenetic conditions, characterized by the lack of chemical
homogenization. The scarcity of paragonitic substitution in
the white micas can be related to the presence of albite and
the low temperature reached by the samples during the dia-
genetic and incipient metamorphic stages.

Chemical heterogeneity of phyllosilicates in samples
which have not surpassed the deep diagenetic conditions is
in part the result of the persistence of detrital phases and
their influence on the local composition of the newly
formed phases. In these samples, the larger micas preserve
their original chemical compositions consistent with their
detrital origin and therefore reflect the characteristics of the
source area. The inheritance is more significant in samples
without deformation fabrics which preserve a sedimentary
composition with important presence of silt and sand grain
sizes. Therefore, it is not surprising that the micas analysed
by SEM (due to analytical limitations those of biggest size)
do not show very-low metamorphic compositions, as evi-
denced by the lack of illitic compositions.
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Table 3 Structural formulae for K-rich dioctahedral micas normalized to O;o(OH), on the basis of scanning electron microscopy (SEM) data

Si VAl VAl Fe Mg Mn Ti Soct. K Na Sinter.  Altot  Fe + Mg
AG2_1_4 3.00 1.00 1.87 0.05 0.04 0.00 0.05 2.02 0.90 0.06 0.96 2.87 0.09
AG2_3A1_1 3.37 0.63 1.64 0.18 0.18 0.00 0.00 2.01 0.80 0.04 0.84 2.27 0.36
AG2_3A2_3 3.24 0.76 1.54 0.21 0.18 0.00 0.07 2.00 0.834 0.07 091 2.30 0.40
AG2_3A22_3 3.10 0.90 1.56 0.27 0.11 0.01 0.06 2.01 0.96 0.03 0.99 2.47 0.38
AG2_3A22 2 3.05 0.95 1.34 0.20 0.16 0.00 0.30 2.00 0.79 0.06 0.86 2.29 0.36
AG2_4_10 3.11 0.89 1.72 0.13 0.13 0.00 0.04 2.02 0.90 0.05 0.94 2.61 0.26
AG3_1_1 3.26 0.74 1.46 0.35 0.24 0.00 0.00 2.05 0.92 0.00 0.92 2.19 0.59
AG3_2.2 3.19 0.81 1.71 0.17 0.17 0.00 0.00 2.06 0.73 0.12 0.85 2.52 0.35
AG3_2_3 3.08 0.92 1.62 0.25 0.15 0.00 0.03 2.05 0.89 0.06 0.96 2.54 0.39
AG3_2_10 3.09 091 1.83 0.07 0.05 0.00 0.07 2.03 0.57 0.24 0.80 2.74 0.13
AG3_3_3 3.24 0.76 1.39 0.42 0.23 0.00 0.02 2.06 0.88 0.00 0.88 2.15 0.64
AG3_3.5 3.36 0.64 1.45 0.27 0.30 0.00 0.02 2.04 0.38 0.00 0.88 2.09 0.57
AG3_ 4 4 3.20 0.80 1.53 0.24 0.24 0.00 0.04 2.05 0.91 0.00 0.91 2.33 0.48
AG3_4_7 3.18 0.82 1.70 0.16 0.19 0.00 0.00 2.05 0.86 0.05 0.91 2.52 0.35
AG3_4_10 324 0.76 1.51 0.32 0.20 0.00 0.03 2.05 0.84 0.00 0.84 2.27 0.51
AG3_4_12 3.04 0.96 1.91 0.08 0.04 0.00 0.00 2.03 0.65 0.27 0.92 2.87 0.12
AG3_4_13 3.08 0.92 1.70 0.20 0.12 0.00 0.02 2.05 0.83 0.11 0.93 2.62 0.32
AGI10_1_5 3.09 091 1.57 0.25 0.13 0.00 0.06 2.02 0.97 0.02 0.98 2.47 0.39
AG10_2_1 322 0.78 1.56 0.24 0.21 0.00 0.02 2.03 0.86 0.07 0.93 2.33 0.45
AG10_2 2 3.12 0.88 1.72 0.19 0.10 0.00 0.02 2.03 0.87 0.05 0.92 2.60 0.29
AG10_3_4 3.15 0.85 1.52 0.31 0.17 0.00 0.03 2.03 0.89 0.09 0.98 2.36 0.48
AG10_4-3 3.28 0.72 1.58 0.21 0.19 0.00 0.02 2.00 0.87 0.05 0.94 2.30 0.40
AG10_7_3 3.20 0.80 1.56 0.25 0.16 0.00 0.02 2.00 0.97 0.03 1.00 2.37 0.41
AG10_7_4 2.39 1.11 1.57 0.06 0.05 0.00 0.31 1.98 0.84 0.08 0.92 2.67 0.11
Table 4 Structural formulae for chlorites normalized to O;9(OH)g on the basis of scanning electron microscopy (SEM) data

Si VAl VIAL Fe Mg Mn Ti 3 oct. Fe/Fe + Mg Na K

AG2_1_5 248 1.52 1.46 3.36 1.11 0.07 0.01 6.01 0.75 0.03 0.00
AG2_2.9 3.00 1.00 1.33 2.49 1.95 0.05 0.01 5.83 0.56 0.03 0.02
AG2_3A22 4 2.61 1.39 1.26 3.54 1.22 0.02 0.01 6.05 0.74 0.01 0.01
AG2_4_3 2.85 1.15 1.50 3.46 0.81 0.00 0.03 5.80 0.81 0.02 0.01
AG10_3_1 2.66 1.34 1.56 3.65 0.66 0.01 0.00 5.89 0.85 0.01 0.05
AG3_1_2 2.72 1.28 1.78 3.29 0.67 0.00 0.00 5.75 0.83 0.00 0.00
AG3_1.5 2.75 1.25 1.93 2.96 0.77 0.00 0.00 5.66 0.79 0.00 0.04
AG3_2_7 291 1.09 1.73 2.81 1.14 0.00 0.00 5.68 0.71 0.00 0.00
AG3_2.8 2.72 1.28 1.80 3.23 0.71 0.00 0.00 5.74 0.82 0.00 0.00
AG3_ 29 2.86 1.14 1.94 2.99 0.67 0.00 0.00 5.60 0.82 0.00 0.04
AG3_3_1 2.81 1.19 1.87 2.39 1.40 0.00 0.00 5.66 0.63 0.00 0.03
AG3_3 4 2.74 1.26 1.97 3.02 0.65 0.00 0.00 5.65 0.82 0.00 0.00
AG3_4_1 2.85 1.15 1.81 2.93 0.86 0.00 0.03 5.64 0.77 0.00 0.04
AG3_4.5 2.75 1.25 1.87 3.15 0.68 0.00 0.00 5.69 0.82 0.00 0.04
AG3_4.6 2.74 1.26 1.94 3.01 0.71 0.00 0.00 5.66 0.81 0.00 0.06

According to Waldron et al. (1996), the Arisaig Group
basin initiated in the Early Llandovery by rapid subsidence
in an extensional setting, a scenario which is compatible

with the clay-mineral phases identified in these rocks. The
oldest Arisaig Group rocks did not reached complete
maturation, as evidenced by the lack of correlation between
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stratigraphic depth and KI (Fig. 3). Therefore, the diage-
netic/metamorphic grade present in the studied rocks
probably reflects post-depositional events such as those that
occurred either during the Acadian or the Alleghanian
orogenic events.

The metamorphic grade of the analyzed samples
increases from diagenesis to high anchizone towards the
Hollow Fault (with noticeable increases within a ca. 1 km
corridor from the surface exposure of the fault, Figs. 2 and
4). Within that corridor, represented by samples AG-6, 7, 9,
10, and 11, KI measured on 10 A peaks show no difference
with the measure on 5 A peaks and we also found similar
values between the air dried and the EG-treated samples.
However, outside this 1 km corridor, the KI values (10
A-air dried, 10 A-EG and 5 A-air dried) are significantly
different. Mineralogical differences are in agreement with
the evolution of metamorphic grade shown by KI, with the
presence of higher-grade minerals (such as intermediate
Na—-K mica), and the absence of those with an inherited
origin within the ca. 1 km corridor adjacent to the Hollow
Fault.

In relation to the textural features, an incipient cleavage
is observed not only in the anchizonal samples (KI <0.42)
but also in some of the diagenetic ones (Figs. 7, 8b).
Therefore, the slaty cleavage defined by sub-parallel
packets of phyllosilicates is not restricted to the anchizonal
samples located in the vicinity of the Hollow Fault. Some
of the diagenetic samples (with KI >0.42 and clearly
sedimentary minerals as I/S mixed-layers) show also a
significant degree of phyllosilicate orientation. As previ-
ously described, these observations suggest that there is no
relationship between the KI and the degree of deformation,
as expressed by the orientation of phyllosilicates (Fig. 7).
In this context, the incipient slaty cleavage defined by
subparallel, preferentially oriented, packets of phyllosili-
cates is found in foliations developed under temperatures
corresponding to diagenetic conditions.

The tectonic strain associated with Acadian folding is
probably not responsible for the identified prograde chan-
ges, which only occur in close vicinity to the Hollow Fault.
The axial planar foliation associated with those folds is
localized in the central zone of the studied area, i.e. outside
the Hollow Fault corridor. Although foliation development
produced clear differences of orientation in the phyllosili-
cates, it did not impart an increase in the metamorphic
grade higher than deep diagenesis. Instead, the localization
of the prograde changes within 1 km of the Hollow Fault
suggests that the migration of fluids along this fault zone
may have been the driving mechanism for the increase of
the metamorphic grade favouring recrystallization pro-
cesses and the presence of anchizonal samples close to it
(Fig. 4). In addition, the presence in most of the samples of
minor quantities of C/S mixed-layers may be the result of a

late fluid-mediated event associated to the Hollow Fault.
The focused fluid flow is a common feature of major fault
zones and has been recently documented in the nearby
St. Mary’s Basin (Abad et al. 2010).

Although our data provide no independent constraint on
the timing of this movement and related fluid flow along
the Hollow Fault, several studies suggest that the move-
ment most likely occurred in the Late Carboniferous. A
“OAr—*°Ar study of white mica in Arisaig Group rocks
yielded ages of ca. 325-320 Ma, even though the sections
sampled display no discernable evidence for Carboniferous
tectonism (Murphy and Collins 2008). The same study
detected white micas of a similar age in coeval strata, also
deformed during the Late Devonian Acadian orogeny, that
unconformably overlie the Ediacaran-Early Ordovician
strata of the Meguma terrane in southern Nova Scotia.
These ages are interpreted to reflect distributed fluid flow
along major faults in the region, including the Hollow
Fault.

Regional syntheses indicate a major change in the
evolution of the Canadian Appalachians in the Late Car-
boniferous which may be a far-field effect of the onset of
Laurentia-Gondwana oblique dextral collision (Murphy
et al. 2011). This event resulted in reactivation of pre-
existing faults, such as the Hollow Fault and created major
new faults (e.g. the Chedabucto Fault along the southern
boundary of the Antigonish Highlands). The resulting
deformation caused clockwise rotation of pre-existing
structures as well as regional fluid flow and extensive
mineralization (Kontak et al. 2006, 2008). This deforma-
tion also resulted in local zones of transtension associated
with opening of other nearby basins like the Stellarton
Basin, (Yeo and Ruixiang 1987; Waldron 2004), and
transpression related deformation (Murphy et al. 2011).

6 Conclusions

The mineral assemblages of the Arisaig Group lithologies
are, in general, typical of very low-grade metamorphism.
Nevertheless our data identify clear variations in meta-
morphic grade from anchizone to diagenesis. These
variations do not correlate with stratigraphic depth sug-
gesting that grade is not related to the tectonic setting or
burial associated with basin development. Similarly, the
relatively high-grade samples do not correlate with either
foliation development or with the location of fold hinges,
implying that variations in KI are not related to either local
or regional strains associated with Acadian folding.
Instead, our data indicate that prograde metamorphic
changes occurred within a corridor adjacent to the Hollow
Fault. Fluid circulation associated with movement along
this major fault may have been the driving mechanism for
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the increasing metamorphism towards it. Regional syn-
theses indicate that fault motion responsible for prograde
metamorphism probably occurred in the Late Carbonifer-
ous as a far-field effect of Laurentia—Gondwana collision.
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