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PROGRADE TRANSITIONS OF CORRENSITE AND CHLORITE IN
LOW-GRADE PELITIC ROCKS FROM THE GASPE PENINSULA, QUEBEC!

WEI-TEH JIANG? AND DONALD R. PEACOR

Department of Geological Sciences, The University of Michigan
Ann Arbor, Michigan 48109-1063

Abstract— A prograde sequence of corrensite and chlorite in pelitic rocks of the diagenetic zone, anchizone,
and epizone (illite crystallinity indices = 0.17-0.58°A26) of the Gaspé Peninsula, Quebec, was studied by
analytical and transmission electron microscopy (AEM and TEM). The data collectively suggest that
diagenesis/metamorphism of chlorite and corrensite follows a sequence of phase transitions, compositional
homogenization, and recrystallization, approaching a state of equilibrium for which chlorite is the stable
phase.

Corrensite occurs as coalescing, wavy packets of layers intergrown with chlorite and illite in the diagenetic
and low-grade anchizonal rocks. Intergrowths of discrete chlorite and corrensite crystals, interstratified
packets of chlorite and corrensite layers, terminations of smectite-like layers by chlorite layers, and 2-3
repeats of R2- and R3-ordered chlorite-smectite mixed layers occur. These materials are alteration prod-
ucts of detrital biotite or other precursor phases like trioctahedral smectite. The crystal size and proportion
of corrensite decrease significantly from the diagenetic zone to the anchizone. Deformed corrensite is
crosscut by straight packets of chlorite and corrensite in the diagenetic sample. Some chlorite occurs as
discrete, euhedral to subhedral crystals intergrown with or enclosed by other phases in the absence of
corrensite. The crystal size of chlorite and definition of crystal boundaries increase whereas density of
crystal imperfections and randomness in orientation decrease with increase in grade of diagenesis/meta-
morphism. Crystals that are kinked or bent, or display gliding along (001) form low-angle boundaries
with relatively defect-free crystals, implying deformation during crystal growth. Abundant well-defined
low-angle boundaries associated with dislocations are observed in the higher grade rocks, consistent with
a stage of readjustment of crystal boundaries during crystal growth. The AEM analyses show that the
corrensite has lower Fe/(Mg + Fe) and Al/(Si + Al) than the coexisting chlorite in the diagenetic sample,
and that the ranges of composition of chlorite of different grades overlap and become smaller with
increasing grade, implying prograde homogenization.

The data imply that corrensite is a unique phase that is metastable relative to chlorite: its conversion
to chlorite occurred at a grade as low as that of the high-grade diagenetic zone. The textural relations
suggest that the metamorphic crystallization and recrystallization were coeval with deformation processes
due to tectonism, partially modified by subsequent contact metamorphism. The data, combined with
those of previous reports, suggest that the Gaspé Ordovician rocks constitute a part of a regional distri-
bution of trioctahedral phyliosilicate-rich rocks in the northern Appalachians. The regional occurrence
of abundant chloritic minerals is thus directly related to a specific tectonic regime with precursor sediments
largely derived from an andesitic arc system(s).

Key Words — Analytical electron microscopy, Chlorite, Chlorite crystallinity, Corrensite, Diagenesis, Gas-
pé Peninsula, Sediment provenance, Syntectonic deformation, Transmission electron microscopy.

INTRODUCTION

Mixed-layer chlorite/smectite (C/S) is the principal
clay material that forms under subgreenschist facies
conditions in regionally metamorphosed and hydro-
thermally altered mafic igneous rocks (Alt et al 1986,

clastic materials (April 1981; Vergo and April 1982;
Helmold and van de Kamp 1984; Liou et al 1985;
Chang et al 1986; Robinson and Bevins 1986; Weaver
1989; Inoue and Utada 1991).-On the basis of X-ray
powder diffraction (XRD) data, the smectite-to-chlo-

1989; Bettison and Schiffman 1988; Shau et al 1990;
Bettison-Varga et al 1991; Schiffman and Fridleifsson
1991). 1t is also common in clastic sedimentary rocks
that have been altered by Mg2+-rich fluids or were
composed of significant amounts of mafic volcano-
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rite transition has been inferred to occur through the
sequence: trioctahedral smectite (saponite) — RO ran-
dom C/S — R regular C/S (corrensite) — random C/S
(high % chlorite without long-range ordering) — chlo-
rite, concurrent with a continuous decrease of expand-
ability (% smectite) with increasing temperature of for-
mation (Evarts and Schiffman 1983; Alt et a/ 1986;
Liou et al 1985; Chang et al 1986; Bettison and Schiff-
man 1988; Schiffiman and Fridleifsson 1991). The se-
quence, albeit with a lack of long-range ordering, is
comparable to the well-known smectite-to-illite tran-
sition. However, the sequence of chloritic minerals was
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shown to be discontinuous with steps at 100-80%, 50—
40% (corrensite), and 10-0% smectite in a suite of con-
tact metamorphosed rocks and two mineralized areas
in northern Japan (Inoue et al/ 1984; Inoue 1985, 1987;
Inoue and Utada 1991). The stepwise prograde evo-
lution, the lack of long-range ordering in mixed-layer
materials, and the similarity between XRD patterns of
random C/S and chlorite/corrensite or corrensite/
smectite seem to imply that corrensite is a unique phase
rather than a simple mixture of chlorite and smectite
layers, and that random C/S (with a low or high per-
centage of expandable layers) may be a less stable and
less common material than corrensite in prograde se-
quences (Reynolds 1988; Roberson 1988, 1989; Shau
et al 1990). Ordered interstratification of the smectite
componentin C/S and the proportion of smectite layers
have been shown to be related to the grade of diagenesis
and low-grade metamorphism, or to the compositions
and thermal history of hydrothermal fluids (Hoffman
and Hower 1979; Pollastro and Barker 1986; Kisch
1987; Schiffman and Fridleifsson 1991).

Corrensite or C/S have only rarely been reported to
occur in pelitic rocks. They may have been overlooked
in some rocks simply because they commonly are not
abundant and considered to be insignificant in the dia-
genesis and metamorphism of pelitic rocks, especially
relative to illite. In addition, there are difficulties in
identification of such materials by XRD, especially
concerning the occurrence of characteristic peaks in the
low-20 region, and peak broadening due to small crystal
sizes, lattice strain, and impurities (Reynolds 1988;
Moore and Reynolds 1989). Nevertheless, on the basis
of an extensive literature survey, Weaver (1989) noted
that trioctahedral phyllosilicates such as chlorite and
C/S can be as abundant as dioctahedral phyllosilicates
in clastic sedimentary rocks, and that trioctahedral
phyllosilicates may be indicative of specific sedimen-
tary provenances and tectonic environments. The lat-
ter is especially significant, as a general aim of clay
mineralogy is to relate clay minerals to broader geo-
logical relations.

Although it is difficult to characterize C/S by XRD,
it has recently been shown that analytical and trans-
mission electron microscope (AEM and TEM) studies
can characterize textures, crystal-chemical relations,
and formation processes of C/S in metamorphosed and
hydrothermally altered mafic rocks (Shau er al/ 1990;
Bettison-Varga et a/ 1991; Shau and Peacor 1992).
Although there have been reports of occurrences of
expandable chloritic minerals in pelitic rocks based on
XRD data, no detailed TEM characterization of C/S
in such rocks has been carried out before. The aim of
this study, therefore, is to characterize chlorite and C/S
in an unusually complete prograde sequence of Or-
dovician pelitic rocks from the Gaspé Peninsula,
Quebec, utilizing TEM and AEM as well as XRD and
back-scattered electron (BSE) imaging techniques. Data
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include the compositions, textures, and structures of
trioctahedral chloritic minerals and lead to a definition
of formation processes, especially with respect to the
relations between metamorphic crystallization and de-
formation processes. These data, combined with data
from previous studies, demonstrate that the triocta-
hedral chlorite and C/S were derived from a specific
type of detrital source involving an andesitic arc sys-
tem.

MATERIALS AND EXPERIMENTAL
TECHNIQUES

The Gaspé Peninsula is part of the northern Appa-
lachian mountain belt. The Taconic Orogeny is the
earliest of three major deformation events that affected
the area, involving diachronous collision of the eastern
continental margin of North America (Laurentia) with
an island arc system(s) during late Cambrian and Or-
dovician time (St. Julien and Hubert 1975; Williams
and Hatcher 1983). A complex foreland basin was cre-
ated through the loading of an imbricate thrust system
that consisted of the obducted forearc accretionary
prism and volcanic arc(s) on to the thin North Amer-
ican lithosphere (St. Julien and Hubert 1975; Williams
and Hatcher 1983; Quinlan and Beaumont 1984; Pick-
ering 1987). These obducted materials formed the prin-
cipal sources for Ordovician clastic sediments filling
the foreland basin. Pelites collected in this study are
from the middle Ordovician (Llandelian-Caradocian)
Deslandes Formation (~2.3 km thick) of deep-marine
basin-floor turbidites and the middle to late Ordovi-
cian (Caradocian-Ashgillian) Cloridorme Formation
(~4.0 km thick) of basin-floor turbidites and subma-
rine-fan deposits formed in the foreland basin, over-
lying the foundered Cambrian carbonate platform and
platform-derived clastic turbidite sequences (Enos 1969;
Pickering and Hiscott 1985; Hiscott et al 1986; Pick-
ering 1987). Both the Deslandes and Cloridorme For-
mations contain thick sequences of alternating shales
and coarser clastic rocks. The Deslandes Formation
and earlier-deposited foreland-basin turbidite systems
were thrust over the younger Caradocian-Ashgillian
systems, initially coeval with deposition of the Clori-
dorme Formation (Pickering 1987).

Structurally, the Taconic belt has been subdivided
into an autochthonous domain, an external domain
comprising an outer belt of thrust-imbricated structure
and an inner belt of emplaced nappes, and an internal
domain (St. Julien and Hubert 1975). The internal do-
main consists of highly deformed and metamorphosed
rocks (Shickshock Group of Cambrian age, Figure 1),
partly overlying Precambrian continental crust and
oceanic crust. The external domain which includes the
Tourelle Formation, Cap des Rosiers Group, and Des-
landes Formation of the inner belt, and the Cloridorme
Formation, was metamorphosed to a much lesser ex-
tent. These stratigraphic units were folded and over-
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Figure 1. Geological map showing the stratigraphy and the patfern of regional diagenesis and low-grade metamorphism of
the pelitic rocks in the Taconic belt of the Gaspé Peninsula, Quebec {(modified after Hesse and Dalton 1991). Sample localities
are indicated by small solid circles tied to sample identifications with straight lines.

thrust by lateral compression during the Taconic Orog-
eny. The dynamothermal metamorphism was
completed at ~440 Ma (St. Julien and Hubert 1975),
Subsequent orogenic activity had little or no effect on
these rocks. The unfoliated granitic to granodioritic
McGerrigle pluton (Figure 1) was subsequently em-
placed during Upper Devonian time (Whalen 1985),
resulting in a local increase in metamorphic grade due
to contact metamorphism.

A prograde sequence of nine pelitic rocks located
within the Taconic orogenic belt along the northern
coast of Gaspé Peninsula was selected for this study
(Figure 1). The rocks were selected so that samples
represented a large range of illite crystallinity, the pro-
grade sequence is continuous and as well defined as
possible, and the dioctahedral phyllosilicates include
only the smectite-muscovite sequence with no com-
plications due to Na-bearing white micas. The samples
either were collected from the same formation or at
least can be shown to be petrographically similar.

Regional patterns of the degree of diagenesis and
low-grade metamorphism of pelitic rocks in the Gaspé
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Peninsula were defined by Islam er af (1982), Duba
and Williams-Jones (1983), Islam and Hesse (1983),
and Hesse and Dalton (1991). Islam er al (1982) ob-
served a simple regional pattern with an increase of
diagenetic and metamorphic grade toward the Mc-
Gerrigle pluton due to thermal alteration, superim-
posed on a northward trend of increasing grade that
parallels a decrease in rock ages in the area east of the
pluton. The inverse relation between metamorphic
grades and rock ages reflects the Taconic tectonic in-
fluence. The zone of diagenesis, as well as the anchizone
and epizone, were mapped on the basis of illite crys-
tallinity and vitrinite reflectance values. Hesse and
Dalton (1991) synthesized all available data relating to
the pelitic rocks, defining the regional diagenetic/meta-
morphic pattern of the Taconic and Acadian belts in
the Gaspé Peninsula. The pattern in the Taconic belt
was more or less the same as that reported by Islam ef
al (1982}, but the values of illite crystallinity index were
calibrated in order to be consistent with the data from
other regions in the Peninsula. The resulting values
were much larger (poorer crystallinity) than those of
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Table 1. Mlite crystallinity indices and chlorite/illite wt. %
ratios of the studied pelitic samples (ethylene glycol solvated
<2 pm fractions) from the Gaspé Peninsula, Quebec.

Illite Diagenetic/

crystallinity metamorphic Chlorite/

Samples index grade! illite?
A419 0.58°A26 Diagenetic zone 0.54
Adl6 0.45°A20 Diagenetic zone 0.49
R297 0.36°A26 Anchizone 0.37
R298 0.31°A2¢ Anchizone 0.34
R299 0.31°A28 Anchizone 0.68
89-12 0.27°A28 Anchizone 0.32
R237 0.25°A28 Anchizone 0.48
R245 0.19°A26 Epizone 0.35
R246 0.17°A26 Epizone 0.47

Average 0.45

! The limits for the anchizone are 0.21 and 0.38°A24 based
on Kisch’s standard set (Kisch 1990).

2 Wt. % ratios obtained with integrated intensities of ~7
and ~5 A peaks and calibration curves established with stan-
dards.

Islam et al (1982). The illite crystallinity indices of the
samples used in the present study were measured in
our laboratory and shown to have values (Table 1)
lower than those estimated from the zonal pattern de-
fined by Hesse and Dalton (1991). A set of interlabora-
tory correlation samples for illite crystallinity mea-
surements (Kisch 1990) were therefore used in order
to calibrate the limits of the anchizone. We obtained
values nearly identical to those of Kisch for his sam-
ples. The diagenetic/metamorphic grades of the studied
samples were therefore redefined (Table 1) on the basis
of Kisch’s limits (0.38 and 0.21°A24) for the anchizone.
The pattern shown in Figure 1 uses Kisch’s limits in-
stead of those defined by Hesse and Dalton (1991). The
temperatures of diagenesis and metamorphism of the
region were estimated to be ~80°C in the diagenetic
zone and ~260°C in the epizone based on fluid inclu-
sion data (Islam and Hesse 1983; Hesse and Dalton
1991).

Significant variations in illite crystallinity index val-
ues occur among rocks from the anchizone in the Des-
landes Formation. The variations are probably due to
local alteration initiated by fluids associated with faults
(Islam et al 1982). Samples R297, R298, and R299
(low-grade anchizone) and 89-12 (high-grade anchi-
zone) of the Cloridorme Formation were therefore cho-
sen as intermediate samples between the diagenetic and
epizonal rocks of the Deslandes Formation. The Des-
landes and Cloridorme Formations were effectively de-
posited in the same environment. The pelitic rocks in
both formations have similar compositions and min-
eral assemblages and were metamorphosed largely dur-
ing regional tectonic activity, and locally by thermal
metamorphism, rather than by burial diagenesis prior
to the Taconic Orogeny.

Both powdered bulk rocks and <2 um (equivalent
spherical diameter) fractions of all nine samples were
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analyzed by XRD. The <2 um fractions were obtained
by sedimentation of disaggregated samples in distilled
water and oriented specimen slides were prepared by
a pipette method (Brown and Brindley 1984). Ethyl-
ene-glycol solvation of the <2 um fractions was carried
out by vaporizing ethylene glycol in a vacuum desic-
cator at room temperature. XRD patterns were ob-
tained on air-dried and ethylene glycol-solvated spec-
imens of the <2 um fractions with CuKe radiation at
35 kV and 15 mA using a Philips XRD 3100 X-ray
generator. A theta compensating slit, a receiving slit of
0.2 mm, a Soller slit assemblage, a graphite crystal
monochromator, and a scintillation detector are fitted
on the diffractometer. A step size of 0.01°A26 and a
counting time of ~6 seconds per step were used in
order to obtain high quality patterns. Quartz occurs in
all samples and was used as an internal standard for
26 corrections. All patterns were digitally recorded and
processed on a microprocessor. Interpretation of the
patterns was based on Reynolds (1984), Moore and
Reynolds (1989), Srodof (1984), and Tomita et al
(1988). Crystallinity indices were obtained by mea-
sures from the widths at half height of the basal re-
flections of illite and chlorite without corrections for
instrumental broadening.

Preparation of TEM specimens was detailed in Jiang
and Peacor (1991). Carbon-coated, ion-milled TEM
specimens were first studied by optical microscopy and
scanning electron microscopy (SEM) to identify large-
scale textural relations and to locate areas of interest
for TEM observations. All SEM images shown here
are BSE images. A Philips CM12 scanning transmis-
sion electron microscope equipped with a low-angle
Kevex Quantum detector for X-ray energy-dispersive
spectroscopy analyses was used for TEM imaging, elec-
tron diffraction, and AEM analyses. Instrumental set-
tings and characterization procedures were described
in Jiang et al (1992), Slack et al (1992), and Jiang and
Peacor (1993).

X-ray powder diffraction

The XRD patterns of the air-dried and ethylene gly-
col-solvated specimens of the <2 ym fractions of sam-
ples A416 and R299 are given in Figure 2 as examples
for the diagenetic and low-grade anchizonal rocks, re-
spectively. The XRD pattern of the air-dried <2 um
fraction of sample A416 consists of peaks with d-values
of 14.37, 7.12, and 4.76 A; the d-values and relative
intensities are abnormal for 00/ reflections of pure chio-
rite. After ethylene-glycol solvation, the 14.37-A re-
flection shifted to a lower 28 position corresponding to
d = 15.21 A with a shoulder skewed toward the high
20 side. The 7.12-A reflection split into two overlap-
ping components with d-values of 7.11 and 7.51 A,
respectively. The 4.98-A peak of illite displayed a tail
on the low 20 side after glycol solvation due to the
displacement of the mixed-layer component of the
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broad 4.76-A reflection. These changes suggest that the
chloritic material consists of an expandable C/S com-
ponent and a non-expandable chlorite component. The
presence of the 29.40- and 31 .58-A superlattice reflec-
tions in the XRD patterns of the air-dried and glycol-
solvated samples, respectively, is consistent with the
presence of R1 ordering (i.e., a corrensite component)
in the C/S. The breadth of the superlattice reflections
is caused by variations of the chlorite/smectite ratio
from the ideal value of 50:50, and perhaps in part to
the small average crystal size, high lattice strain, and/
or heterogeneous composition of the mixed-layer ma-
terial (Moore and Reynolds 1989). The mixed-layer
component is identified as C/S with ~60% chlorite and
R1 ordering based on the aforementioned features and
peak positions. After heating at 375°C, a significant
decrease in the intensity of the ~14-A reflection is
associated with the addition of a high-26 shoulder, and
the 7.51-A reflection like that shown in Figure 2 was
shifted further toward the low 26 side in patterns of
the diagenetic samples (Jiang 1993), typical of the char-
acteristics of C/S (Bettison and Schiffman 1988; Schiff-
man and Fridleifsson 1991). In the pattern of the air-
dried specimen, the ~10-A peak of illite is slightly
asymmetric and has a tail on the low 28 side. The width
at half height of the peak decreases after glycol sol-
vation. These features imply the presence of a small
proportion of expandable mixed layers in illite.

The patterns of the anchizonal sample R299 ob-
tained before and after glycol solvation are nearly the
same except for a small decrease in half-height widths
of the chlorite peaks that become slightly asymmetric,
as typical of the presence of expandable layers inter-
stratified with chlorite. However, there are no apparent
differences in peak positions from those of normal
chlorite. These data imply that sample R299 consists
largely of chlorite but with a small component of C/S.
The XRD patterns of other anchizonal samples have
similar features.

The XRD patterns of the epizonal rocks (not shown)
display no indication of mixed layering and have peaks
that are much narrower than those of samples from
lower grades. The only peaks of phyllosilicates are those
of muscovite and chlorite with the exception of very
weak peaks of talc that were detected locally in the
epizonal rocks.

The Gaspé rocks contain relatively abundant chlorit-
ic minerals compared to pelitic rocks in the Acadian
and Alleghenian clastic wedges (e.g., Catskill Forma-
tion, Martinsburg Formation, Chattanooga Shales, etc.)
(Faill 1985; Conkin 1986; Lee ef al 1986; Rheams and
Thornton 1988). Table 1 shows the chlorite-to-illite
weight concentration ratios of the clay fractions of the
pelites studied herein. These values were determined
using integrated intensities and calibration curves es-
tablished with standards. The average concentration
ratio is 0.45, much larger than the average value of
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Figure 2. X-ray powder diffraction patterns of the <2 um
fractions (E.G. = ethylene glycol solvated and A.D. = air
dried) of sample A416 of the diagenetic zone and sample R299
of Kle low-grade anchizone. Labeled numbers are d values
in

0.20 obtained for shales and slates from other localities
in North America (Weaver 1989).

The chlorite crystallinity indices (half-height widths
of ~7- and ~14-A reflections) of both the air-dried
and ethylene glycol-solvated samples were measured
and plotted against the corresponding illite crystallinity
indices (measured on the ethylene glycol-solvated sam-
ples) in Figure 3. The illite and chlorite crystallinity
indices show a strong correlation for all samples except
for the ethylene glycol-solvated samples of the diage-
netic rocks (samples A416 and A419). The chlorite
crystallinity index values of the low-grade anchizonal
and high-grade diagenetic rocks increased significantly
because the chlorite reflections overlap with the dis-
placed reflections of C/S after ethylene glycol solvation.
The 7-A chlorite crystallinity index values did not
change as much as the 14-A values after glycol sol-
vation because the peaks split into separate compo-
nents. The 7-A chlorite crystallinity indices appear to
be slightly smaller than the 14-A chlorite crystallinity
indices of the anchizonal samples as a result of the
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Figure 3. Tllustrative plots showing the correlation between

the illite crystallinity indices (ethylene glycol solvated) and
chlorite crystallinity indices (O = air dried; A = ethylene glycol
solvated) of the pelites from the Gaspé Peninsula.

presence of serpentine-type mixed layers (Slack et a/
1992). Peaks for the lowest grade rock (sample A419
having the largest value of illite crystallinity index) did
not show much change after glycol solvation because
there is not much C/S in the fine-grained fractions.
Instead, there is much more coarse-grained, slightly-
altered detrital biotite than in sample A416, the latter
having abundant C/S. The illite crystallinity index of
sample A419 is large because of the presence of illite-
rich mixed-layer illite/smectite, resulting in a large de-
viation of the data points from the 1:1 reference line.

Petrographic observations

The mineral assemblages of the studied samples are
summarized in Table 2. The principal diagenetic/meta-
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Table 2. Constituent minerals of the pelitic rocks from the
Gaspé Peninsula.

Samples Minerals

A416, A419
(Diagenetic zone)

corrensite, chlorite, 1M illite, illite/
smectite, quartz, plagioclase, al-
bite, potassium feldspar, calcite,
apatite, anatase, titanite, magne-
tite, biotite, paragonite, zircon,
Cr,Ni,Fe spinel

R297, R298, R299 corrensite, chlorite, 1M, and 2M,

(Anchizone) illite, muscovite, quartz, albite,
potassium feldspar, calcite, ana-
tase, pyrrhotite, pyrite, titanite,
apatite

89-12, R237 chlorite, illite (2M, dominated),

(Anchizone) muscovite, quartz, albite, calcite,
anatase, pyrrhotite, pyrite, apa-
tite, talc

R245, R246 chlorite, muscovite, quartz, albite,

(Epizone) calcite, rutile, pyrite, pyrrhotite,

magnetite, apatite, talc

morphic changes of minerals other than those de-
scribed in the section above include alteration of de-
trital biotite, prograde evolution of 1M, illite to 2M
muscovite, albitization of plagioclase and potassium
feldspar, and reaction of titanite + fluid to yield quartz
+ calcite + anatase (rutile in the epizonal rocks) (Jiang
1993).

The phyllosilicates occur as aggregates of very fine-
grained crystals in the matrix of the diagenetic samples
(often not resolvable by SEM), surrounding coarser
grained minerals, principally quartz, albite, and detrital
biotite and forming a foliation parallel to the bedding
(Figure 4a). In BSE observations, the areas that consist
of C/S commonly have irregular microfissures that
probably were generated by dehydration in the SEM
vacuum, and have minor alkali and Ca contents and
relatively high Si contents compared to normal chlo-
rite. Such clays occur only rarely in the low-grade an-
chizonal samples.

In the low-grade anchizonal sample R299, the phyl-
losilicates appear to be coarser grained and more grains
have outlines that are relatively well defined (Figure
4b) as compared with those in the diagenetic rocks.
The quartz and albite grains are less angular than their
diagenetic equivalents. There is a weak cleavage par-
allel to the bedding.

The high-grade anchizonal samples have been de-
formed in response to tectonic stress as evidenced by
the presence of highly distorted chlorite-mica stacks
(Figure 4c). The orientations of fine-grained clay min-
erals appear to be partially rearranged, giving rise to a
poorly defined foliation subparallel to the bedding.

Two planar fabrics are present in the epizonal sam-
ples. The first is bedding, which is defined by quartz
and albite-rich (=1 ¢cm thick) and thin calcite-rich (<1
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mm thick) lamellae. Most of the lamellae are deformed
to some extent. There are some large deformed chlo-
rite-muscovite stacks (15-50 um in thickness) having
their long aspect parallel or subparallel to the bedding.
The second fabric is the foliation of fine-grained chlo-
rite and muscovite, forming an anastomosing spaced
cleavage subnormal to the bedding. Dark grey lentic-
ular domains (<1 c¢m thick) having a relatively high
concentration of fine-grained phyllosilicates and light-
grey, elongated regions consisting largely of quartz, al-
bite, and calcite are dispersed throughout the anasto-
mosing spaced cleavage. An example of the relatively
phyllosilicate-rich domains in sample R245 is shown
in Figure 4d. The long aspect of the large chlorite-
muscovite stack is normal to the cleavage. Fine-grained
phyllosilicates are parallel or subparallel to cleavage
except in areas where the orientations of the phyllosili-
cates are constrained by quartz and albite grains. Most
muscovite and chlorite grains have well-defined
boundaries and are larger than their lower grade equiv-
alents.

Transmission electron microscope observations

Five pelites (A419, A416, R299, 89-12, and R245)
that are representative of the sequences in minerals
and textures were chosen for TEM study. The data
presented here were all obtained from the fine-grained
matrices of the samples as shown above in BSE images.

Diagenetic zone. Figure 5 shows a few coalescing bun-
dles of fringes that have ~24-A periodicity, display
layer curvature and dislocations (layer terminations),
and give a series of diffuse 00/ reflections with d-values
corresponding to a phase with ~ 24-A periodicity. These
features are characteristic of corrensite, consisting of
ordered chlorite-like (14 A) and dehydrated, collapsed

—

Figure 4. Back-scattered electron images of ion-milled sam-
ples A416 (a), R299 (b), 89-12 (c), and R245 (d). All scale
bars represent a length of 20 um. Irregular grains with dark
contrast are quartz or albite. (a) Three corrensite-rich areas,
exhibiting irregular microfissures, are highlighted with white
arrows. The matrix consists mainly of very fine-grained cor-
rensite, chlorite, and illite. B = biotite; T = titanite; Mgt =
magnetite. (b) The matrix consists of the same assemblage as
that in (a). C = chlorite; T = titanite; M = K-rich white mica.
(c) The directions of the bedding (bdg) and cleavage (clv) are
indicated with white arrows. Relatively large phyllosilicate
grains (labeled with M and C) in the lower-right are deformed.
The matrix minerals include chlorite, illite, and very fine-
grained anatase (with bright contrast). C = chlorite; Cc =
calcite; M = K-rich white mica; P = pyrite or pyrrhotite. (d)
The long aspect of the large chlorite-muscovite stack in the
middle is normal to the cleavage. The matrix phyllosilicates
are muscovite and chlorite commonly associated with fine-
grained rutile (irregular small grains with bright contrast). C
= chlorite; M = muscovite; Cc = calcite; Rt = rutile; Apt =
apatite; P = pyrite or pyrrhotite that are partially altered to
form magnetite.
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Lattice-fringe images of corrensite in sample A416
of the diagenetic zone, obtained with (a) the (001) plane slight-
ly oblique and (b) the (001) plane parallel to the electron beam.
(a) Lacks sub-fringes but displays coalescing packets of layers
with ~24-A periodicity. (b) Shows ~24-A layers with sub-
fringes. A few chlorite layers are indicated by white arrows.
do02) = 12 A

Figure 5.

smectite-like (10 A) layers. A few chlorite ~ 14-A layers
are interstratified with packets of corrensite in Figure
5b. Such corrensite packets commonly occur in aggre-
gates coexisting with discrete chlorite crystals. The
thickness of individual corrensite packets varies from
<1000 A as discrete crystals to ~24 A as single layers
interstratified with chlorite. Some clay aggregates con-
sist of three discrete components including chlorite,
corrensite, and a material consisting of complex mixed
layers with many ~10-A layers separated by one or
- more ~ 14-A layers (Figure 6a). The latter material can
be interpreted to be chlorite-rich C/S with R1 ordering
or as mixed-layer chlorite/corrensite. Three repeats of
R2-ordered C/S units that may also be described as
mixed-layer chlorite/corrensite with R1 ordering oc-
casionally occur (Figure 6a). Termination of a ~10-A
layer by a ~14-A layer is also present. Two or three
repeats of R3-ordered C/S or R2-ordered mixed-layer
chlorite/corrensite were also detected (Figure 6b). Such
complex mixed layering must be a principal cause of
the poor definition of corrensite reflections in XRD
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Figure 6. Lattice-fringe images of mixed-layer chlorite/
smectite (or chlorite/corrensite) in sample A416. (a) Mixed-
layer chlorite/smectite (C/S) intergrown with discrete packets
of chlorite (C) and corrensite (Cor). Three repeats of R2-
ordered mixed-layer chlorite/smectite units (marked by black
arrows) are associated with a termination of a collapsed ~ 10-A
smectite layer by a ~14-A chlorite layer (highlighted with a
white arrow) and two successive smectite layers in the middle.
The corresponding electron diffraction pattern shows irra-
tional 00/ reflections associated with streaking along c*. d(002)
= 12 A. (b) Packets of R 1 -ordered mixed-layer chlorite/smec-
tite interstratified with one R2-ordered and two R3-ordered
units of mixed-layer chlorite/smectite (highlighted with black
arrows), and chlorite, forming a thick stack of mixed-layer
chlorite/smectite with R1 ordering or random mixed-layer
chlorite/corrensite.

patterns. An interesting texture in which a folded cor-
rensite stack is crosscut at the fold hinge by straight
packets of corrensite and chlorite having well-defined
crystal boundaries and interlocking relations is shown
in Figure 7.

In addition to the intergrowths with corrensite, chlo-
rite also occurs as packets of layers intergrown with
illite, generally in the absence of corrensite, as shown
in Figure 8a. The stack of chlorite layers in the middle
of the image has two fringes with different contrast due
to the presence of ~7-A layers (presumably berthier-
ine). Such mixed layers occur only rarely in the sample.
A small packet of layers is bent against the edges of
the layers of the adjacent crystal, forming a low-angle
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Figure 7. (a) TEM image of chlorite (C) and corrensite (Cor)
showing deformation and interlocking textures in sample A416.
The deformed corrensite is crosscut by straight packets of
corrensite and chlorite. (b) An enlargement of (a).

boundary that continues with a ~7-A layer. That tex-
ture implies that mechanical rotation (intra- and inter-
crystal gliding) occurred while crystallization proceed-
ed. The diagenetic chlorite also occurs as euhedral to
subhedral crystals intergrown with or enclosed by other
phases (Figure 8b). Corrensite rarely occurs in the vi-
cinity of this type of crystal. Such crystals commonly
have fewer defects than does corrensite.

Low-grade anchizone. Corrensite is much less common
in the low-grade anchizonal samples. It occurs as thin
packets (<300 A thick) of layers interstratified with
packets of chlorite (occasionally also with illite) that
vary widely in thickness, the combined packets form-
ing thick stacks (Figure 9). Discrete, thick packets of
corrensite were rarely observed. In general, chlorite
layers tend to cluster together forming relatively thick
packets of layers. Such a feature is exemplified in Figure
9a in which a thin packet of corrensite and several
isolated corrensite (or smectite) layers are interstrati-
fied with relatively thick packets of chlorite. Consec-
utive ~10-A smectite layers such as those shown in
the middle of Figure 9a occur only rarely in the low-
grade anchizonal sample. Some smectite layers ter-
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Figure 8. Lattice-fringe images of illite-chlorite intergrowths
in the diagenetic sample A416 showing (a) interlocking re-
lations between illite (I) and chlorite (C) and buckling of chlo-
rite layers against the edges of the adjacent crystal, two ~7-A
layers (highlighted with white arrows) occurring in the large
chlorite crystal in the center, and (b) euhedral to subhedral
chlorite crystals intergrown with illite with little or no defor-
mation features. Corrensite (Cor) occurs rarely in such inter-
growths.

minate against chlorite layers, as consistent with pro-
gressive replacement of smectite layers by chlorite. The
corresponding electron diffraction pattern shows
streaking and irrational reflections along ¢* in addition
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Figure 9. (a) Lattice-fringe image of packets of chlorite in-
terstratified with thin packets of mixed-layer chlorite/smectite
(or chlorite/corrensite) in sample R299 of the low-grade an-
chizone. Single smectite (or corrensite) layers (marked with
black arrows) are locally associated with terminations by chlo-
rite layers (wide fringes). A small packet of corrensite and
three instances of successive smectite layers (narrow fringes)
occur in the center. (b) Electron diffraction pattern of (a) show-
ing 00/ reflections of chlorite superimposed on irrational re-
flections and streaking along c*. d(001) = 14 A. (c) Lattice-
fringe image of complex mixed layers between ~14-A layers
of chlorite (wide fringes) and ~ IO-X layers of smectite (narrow
fringes) or ~24-A layers of corrensite. Terminations of layers
are marked by white arrows.

to the sharp 00/ reflections of chlorite, consistent with
the presence of discrete chlorite and mixed layering.
Thin packets of corrensite tend to be interstratified
with small numbers of chlorite layers, the assemblage
thus constituting disordered (R = 0) mixed-layer chlo-
rite/corrensite or chlorite-rich C/S with R1 ordering,.
Terminations of ~10-A fringes by ~14-A fringes are
more common in the low-grade anchizonal sample than
in the diagenetic samples, implying that the anchizonal
mixed layers represent a transition stage. Even num-
bers of consecutive ~ 14-A fringes and terminations of
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Figure 10. TEM image of chlorite crystals in the low-grade
anchizonal sample R299, showing step-like crystal boundaries
and straight fringes with no mixed layers and no obvious
deformation features. The corresponding electron diffraction
pattern shows sharp 00/ reflections with virtually no streaking.
do1) = 14 A.

smectite by chlorite in opposite directions in adjacent
layers are not uncommon, as exemplified by Figure 9a.

Well-defined chlorite crystals are much more abun-
dant in the low-grade anchizonal sample, as compared
with samples from the zone of diagenesis. Such crystals
are elongated and display straight, well-defined lattice
fringes with no mixed layering, and give only sharp 00/
reflections in electron diffraction patterns (Figure 10).
In many cases, chlorite crystals have step-like bound-
aries in contact with the surrounding clay crystals, many
of which do not give lattice fringes, probably because
their (001) planes were not parallel to the electron beam.
Chlorite-illite intergrowths and discrete, euhedral to
subhedral chlorite crystals similar to those in the dia-
genetic rocks (e.g., Figure 8) are common, but have a
larger average crystal size.

Figure 11. TEM image of an aggregate of subparallel packets
of chlorite displaying interlocking textures with virtually no
pore space between crystals in sample 89-12 of the high-grade
anchizone.
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Figure 12. Lattice-fringe images of chlorite in sample §9-12
ofthe high-grade anchizone. (a) A kinked crystal is surrounded
by relatively undeformed crystals. The moiré fringes with a
spacing of ~33.7 A in the center are due to overlapping of
two domains twisted with respect to each other by an angle
of ~24.2°. A few ~7-A layers (marked by black arrows) occur
in the surrounding crystals. (b) A low-angle boundary is as-
sociated with several dislocations in a stack of packets of
chlorite.

High-grade anchizone. No corrensite or C/S was ob-
served in sample 89-12 of the high-grade anchizone.
The high-grade anchizonal chlorite commonly occurs
as aggregates of subparallel packets of layers that dis-
play lattice fringes over relatively large areas, compared
with those occurring in the lower grade rocks, implying
parallelism of layers {with respect to the electron beam)
over relatively large volumes. Figure 11 shows an ag-
gregate of subparallel packets of chlorite for which there
is virtnally no pore space between crystals, as crystal
outlines are largely constrained by adjacent crystals.
Some chlorite packets occurring in such aggregates con-
tain contrasting deformation features.

A kinked crystal that is surrounded by relatively
undeformed crystals is shown in Figure 12a. The moiré
fringes in the kinked crystal have a spacing of ~33.7
A that satisfies the equation for the magnification of a
‘rotation moiré pattern’ (Hirsch ef a/ 1977), M = D/d
= 1/[2 sin(e/2)}], where D = the spacing of moiré fring-
es, d = the original spacing of the crystals, and « = the
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Figure 13. (a) TEM image of a chlorite-illite intergrowth in
sample 89-12 showing subparallel packets of chlorite (C) and
illite (I) related by low-angle boundaries. The inset is an elec-
tron diffraction pattern obtained from part of the region,
showing non-parallel 00! reflection rows of chlorite and illite.
The 002 reflection of illite (indexed on the basis of a two-
layer polytype) and 001 reflection of chlorite have d-values
of ~10 A and ~14 A, respectively. (b) An enlargement of the
illite area marked by a white arrow in (a) showing intracrystal
bending and kinking in chlorite. The illite area lacks some
lattice fringes due to partial damage by the electron beam.

angle by which the crystals are twisted with respect to
each other. The moiré fringes therefore were formed
by overlapping of two domains that have an identical
spacing (assumed to be 14.1 A) and that were twisted
with respect 1o each other by an angle of ~24.2°. There
are a few serpentine-type ~7-A fringes, presumably
berthierine, in the surrounding chlorite crystals. Such
~7-A layers were occasionally observed in rocks of all
grades.

Chlorite crystals in some packets of this kind of ag-
gregate display abundant low-angle boundaries and
dislocations (Figure 12b). Illite packets often are a com-
ponent of this type of aggregate, and Figure 13a shows
a stack of layers consisting of subparallel packets of
chlorite and illite. One of the illite crystals (highlighted
by a white arrow) does not penetrate but has low-angle
boundaries with the chlorite crystals. A lattice-fringe
image (Figure 13b) of that highlighted region shows
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Figure 14. (a) TEM image of a euhedral crystal of chlorite
in sample 89-12 with no obvious deformation features. C =
chlorite; Q = quartz; I = illite; U = unidentified. (b) Lattice-
fringe image of part of the euhedral chlorite crystal in (a)
showing no mixed layering, (c) Electron diffraction pattern of
the euhedral crystal in (a) displaying continuous streaking in
241 (orlzits pseudohexagonal equivalents) reflection rows. d(001)
= 14 A.

that kinking and/or bending occurred within some of
the chlorite crystals, resulting in the formation of intra-
crystal low-angle boundaries or arrays of dislocations.
The illite region in Figure 13b actually consists of sev-
eral subparallel packets of layers without any obvious
deformation features.

Chlorite-illite stacks with much smaller crystal sizes
similar to those observed in the lower grade rocks were
also observed. Well-developed euhedral crystals of
chlorite occur in the high-grade anchizonal sample as
well, commonly adjacent to or included within recrys-
tallized quartz or albite, as in the lower grade rocks.
This type of chlorite crystal is relatively perfect and
usually has no deformation features (Figure 14). Elec-
tron diffraction patterns of chlorite from all studied
samples show continuous streaking in non-00/ (k #
3n) reflection rows (Figure 14), implying a semi-ran-
dom stacking sequence (Bailey 1988).

Epizone. Crystal size increases significantly from the
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Figure 15. TEM image of an assemblage of chlorite (C) and
muscovite (M) crystals in sample R245 of the epizone. The
large chlorite crystal in the middle-left contains clusters of
dislocations running across the (001) plane of which the trace
is subnormal to the black arrows. The adjacent crystals are
relatively defect-free.

anchizone to the epizone, small crystals being rare in
the epizonal sample. Aggregates of well-defined, large
chlorite or muscovite crystals are dominant. Euhedral
crystals without defects are abundant. However, crystal
defects, including dislocations, stacking faults, kinking,
slip along (001), and bending occur in some of the large
crystals. Small crystals commonly have fewer defects
and are intergrown with large deformed or undeformed
crystals.

A collection of chlorite and muscovite crystals in
sample R245 of the epizone is shown in Figure 15. A
wedge-shaped chlorite crystal in the middle that has
clusters of dislocations running across the (001) plane
is surrounded by several relatively defect-free crystals.
Such a crystal probably was in a final stage of recrys-
tallization during which defects caused by early defor-
mation were partially eliminated.

Analytical electron microscope analyses

Tables 3 and 4 show representative AEM analyses
of corrensite and chlorite. The analyses were normal-
ized to 20 O + 16 OH and 20 O + 10 OH for chlorite
and corrensite, respectively. More than half of ~300
analyses were discarded because analyzed areas con-
tained mixed layering or other phases such as albite,
illite, or quartz, as verified by electron diffraction and
lattice-fringe imaging. Inclusion of more than one min-
eral in analyses occurred mainly for diagenetic samples
because crystals were smallest in that sample. Only 19
acceptable analyses were obtained for the diagenetic
chlorite.

All chlorite formulae have nearly equal numbers of
tetrahedral and octahedral Al and nearly complete
trioctahedral occupancy. The Al/(Si 4 Al) ratio is near-
ly constant regardless of the grade of diagenesis/meta-
morphism. However, the Fe/(Mg + Fe + Mn) ratio of
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Table 3. Representative normalized analytical electron microscope data for corrensite in pelites from the diagenetic zone

and low-grade anchizone of the Gaspé Peninsula.!2

Diagenetic zone

Low-grade anchizone

1 2 3 4 5 6 7 8
Si 5.71 5.80 5.39 5.97 5.93 5.70 5.59 5.86
Al 391 3.79 4.22 3.59 3.50 4.00 3.94 4.01
Mg 4.19 4.02 4.34 4.33 4.19 4.21 4.46 3.75
Fe 3.19 3.38 3.12 2.92 3.26 3.23 3.27 3.35
Mn 0.13 0.13 0.07 0.03 0.01 0 0
Tet. + Oct. 17.13 17.12 17.14 16.84 16.89 17.14 17.26 16.97
K 0.14 0.11 0.31 0.26 0.29 0.07 0.06 0.08
Na 0.07 0.11 0.19 0.26 0.24 0.25 0.11 0.24
Ca 0.11 0.07 0.11 0.17 0.17 0 0.10 0
Interlayer charge? 0.43 0.36 0.72 0.86 0.87 0.32 0.37 0.32
Fe
Mg + Fe + Mn 0.42 0.45 0.42 0.40 0.44 0.43 0.42 0.47
Al
Si+ Al 0.41 0.40 0.44 0.38 0.37 0.41 0.41 0.41

! Normalization is based on 200 + 100H and all Fe is assumed to be ferrous.

2 Two standard deviations on the basis of counting statistics are 0.15-0.18 pfu (per formula unit) for Si, 0.13-0.15 pfu for
Al, 0.14-0.16 pfu for Mg, 0.07-0.08 pfu for Fe, 0.03-0.04 pfu for K, 0.01-0.03 pfu for Na, and <0.02 pfu for Ca and Mn.

3 Interlayer charge is calculated from the total charge originated from Ca and alkali contents that normally are assigned to

the interlayer site of smectite.

chlorite varies widely, particularly in the lower grade
rocks, largely within the range 0.23-0.68. The octa-
hedral Al content ranges from 2.1 to 3.1 per O,,OH,,.
The Al/(Si + Al) ratio of ~0.50 is relatively high com-
pared with that of most chlorite in mafic rocks (Bevins
et al 1991), reflecting the higher bulk-rock Al content
of pelitic rocks. All analyses contain minor Mn, but Ti
(=0.02 per formula unit), Ca, or alkalis (Z(Ca + alkalis)
=< 0.05 pfu) are only rarely detected at the trace level.
No specific correlation between the composition and
texture or structure of the chlorite was detected, nor is
there any systematic variation in composition with
grade.

The analyses of the diagenetic and low-grade anchi-
zonal corrensite were obtained from areas that were
dominated by corrensite but that occasionally con-
tained minor chlorite layers and very rarely had con-
secutive smectite-like layers. The totals of tetrahedral
and octahedral cations of formulae for Gaspé corren-
site (Table 3) are all close to 17, as typical of corrensite
(Brigatti and Poppi 1984). The Fe/(Mg + Fe + Mn)
and Al/(Si + Al) ratios of ~0.43 and ~0.40 are nearly
constant among all analyses, but the interlayer charges
originating from the smectite-like component of cor-
rensite vary from ~0.3to ~0.9 (Table 3). The formulae
have variable K, Na, Ca, and Mn contents, but the
interlayer K, Na, and Ca contents are each of the same
order of magnitude in most formulae. The low-grade
anchizonal corrensite appears to have a smaller net
negative charge than does the diagenetic corrensite but
the total number of analyses is small and therefore such
comparisons may not be valid.
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Table 4. Representative normalized analytical electron mi-
croscope data for chlorite in low-grade pelitic rocks from the
Gaspé Peninsula.!?

Fe Al
Mg+ Fe
Si Al Mg Fe Mn +Mn Si+ Al
Diagenetic zone
Sample A419
1 5.41 S5.17 4.62 4.64 0.16 0.49 049
2 5.34 533 337 581 0.17 0.62 0.50
3 5.38 524 489 430 0.18 046 049
Sample A416
4 5.48 5.05 356 588 0.04 0.62 048
5 5.27 5.45 4.60 4.57 0.10 049 0.1
6 530 541 497 425 0.08 046 0.51
Anchizone
Sample R299
7 526 566 305 581 0.14 0.65 0.52
8 549 494 607 349 0.06 036 047
9 534 532 481 444 0.09 0.48 0.50
Sample 89-12
10 5.36 5.28 392 528 0.16 0.56 0.50
11 533 526 525 411 0.08 044 0.50
12 541 527 450 473 0.04 0.51 0.49
Epizone
Sample R245
13 542 5.14 535 4.04 0.08 043 049
14 5.27 S5.57 408 494 0.09 0.54 0.51
15 5.46 5.18 510 4,11 0.11 044 0.49

! Normalization is based on 200 + 160H and all Fe is
assumed to be ferrous.

2 Two standard deviations on the basis of counting statistics
are 0.14-0.17 pfu (per formula unit) for Si and Al, 0.12-0.18
pfu for Mg, 0.07-0.12 pfu for Fe, and 0.01-0.03 for Mn.
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DISCUSSION

Relation between the abundance of trioctahedral
phyllosilicates and tectonic environment

The studied rocks document a well-defined prograde
sequence of trioctahedral phyllosilicates progressing in
part from detrital material that included volcanic bi-
otite to corrensite to chlorite. Such a sequence has been
only rarely described in pelitic rocks (Frey 1978; Weav-
er et al 1984; Robinson and Bevins 1986), for which
chlorite commonly has been inferred to form as a by-
product of the smectite-to-illite reaction or from al-
teration of kaolinite or berthierine (Hower et al/ 1976;
Boles and Franks 1979; Ahn and Peacor 1985; Walker
and Thompson 1990). Dioctahedral phyllosilicates such
as illite or muscovite are usually present in amounts
much greater than those of trioctahedral minerals in
shales, commonly reflecting the presence of either di-
octahedral smectite as an original detrital phase as in
Gulf Coast sediments, or volcanic ash that was sub-
sequently altered to form dioctahedral smectite. By
contrast, C/S is common in altered intermediate to
mafic igneous rocks, reflecting the high concentration

" of Mg in those rocks relative to the high Al content of
most pelites. The presence of C/S in clastic rocks im-
plies that original detrital material had a significant
intermediate to mafic volcanogenic component (Hel-
mold and van de Kamp 1984; Chang et a/ 1986; Rob-
erts and Merriman 1990). Because the composition of
volcanic material may vary in a predictable way in
response to tectonic setting, the occurrence of pelitic
rocks with abundant trioctahedral phyllosilicates may
be diagnostic of that origin.

In Quebec, the abundance of chlorite increases from
the Lower and Middle Ordovician to Upper Ordovi-
cian rocks in the St. Lawrence Lowlands (Dean 1962).
In western Newfoundland, Suchecki et a/ (1977) doc-
umented the occurrence of diagenetic corrensite and
mixed-layer illite/smectite in the late Lower to Middle
Ordovician rocks, in contrast to the occurrence of 2M
illite-rich sediments in the Middle Cambrian to early
Lower Ordovician rocks of the Cow Head Breccia. They
suggested that such a change was caused by the Taconic
Orogeny, which transformed the sediment provenance
from that of cratonic rocks to volcanic arc rocks. Enos
(1969) suggested that the sediments in the Cloridorme
Formation of the Gaspé Peninsula originated from an
island arc system based on the presence of volcanic
debris and paleocurrent information inferred from fos-
sil distributions and sedimentary structures and facies.
The occurrence of corrensite and the relatively high
concentration of chloritic minerals in the studied rocks
may therefore reflect the tectonic setting of the Or-
dovician pelitic rocks in the Taconic belt of the Gaspé
Peninsula, with a significant proportion of detrital sed-
iments having been transported from an Ordovician
island arc system. Such a correlation is consistent with
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the distributions of chlorite-rich (including C/S) rocks
and bentonites in Ordovician rocks on two sides of the
Proto-Atlantic (Iapetus) Ocean (Weaver 1989).

The detrital Cr, Ni, Fe spinel (an intermediate chro-
mite-nichromite solid solution) and titanian biotite
identified by Jiang (1993) provide evidence of the rel-
atively mafic volcanic materials derived from the is-
land arc system that has been inferred (Enos 1969;
Pickering 1987). Jiang (1993) showed that the corren-
site and chlorite in the Gaspé rocks were largely alter-
ation products of detrital titanian biotite of volcanic
origin. The fine-grained matrix minerals consist in part
of dioctahedral illite or mixed-layer illite/smectite in
the diagenetic rocks, with textures as consistent with
alteration from smectite that, presumably, was derived
from volcanic glass either in situ or prior to deposition.
The high proportion of matrix corrensite and chlorite
is also inferred to have had an origin in detrital biotite
and glass or smectite; however, alteration of Mg,Fe-
bearing volcanogenic materials would give rise to both
dioctahedral and trioctahedral components, as dem-
onstrated for chlorite coexisting with mixed-layer illite/
smectite in Gulf Coast sediments by Ahn and Peacor
(1985, 1986). All these data collectively indicate that
a significant contribution of relatively mafic volcano-
genic material was the cause of the relatively high con-
centration of chloritic minerals in the pelitic rocks of
the Gaspé Peninsula.

The presence of abundant detrital titanian biotite in
the diagenetic rocks implies that the volcanic source
contained a significant portion of andesitic material
having a relatively high volatile content that typically
occurs in island arc systems located along ocean-con-
tinent converging margins (Hyndman 1985). This is
consistent with the tectonic setting of the Taconic belt.
The associated materials in the island arc-accretionary
prism complex, including pelagic sediments, ophiolitic
rocks, clastic rocks, and volcanic ash, may have pro-
vided additional materials as the source of other de-
trital materials such as spinel, muscovite, potassium
feldspar, plagioclase, quartz, and volcanic glass nec-
essary for the formation of dioctahedral (and possibly
trioctahedral) smectite in the Gaspé rocks. The studied
Gaspé rocks that contain relatively high concentrations
of chloritic minerals must therefore be part of a regional
distribution of chlorite-rich rocks with sediments large-
ly derived from an ancient volcanic arc system. Other
pelitic sequences that were derived largely from de-
position of felsic volcanics or alkali-rich continental
clastics, e.g., Gulf Coast sediments (Hower et al 1976),
the delta argillites of the Belt Supergroup, Idaho (Es-
linger and Sellars 1981), the Mowry and Skull Creek
shales of the Rocky Mountains (Burtner and Warner
1986), and the epicontinental shales of the Campos
basin, Brazil (Anjos 1986), do not contain abundant
corrensite or chloritic minerals. The Gaspé rocks thus
represent a special type of pelitic sequence involving
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deposition of abundant andesitic volcanics derived from
an island arc system. Pelites deposited in other back-
arc basins, such as the Lower Paleozoic rocks of Wales
(Robinson and Bevins 1986) and Oslo Region (Bjor-
lykke 1974) similarly contain abundant C/S and/or
chlorite. Such rocks may be precursors to chlorite-rich
rocks free of C/S by regional or contact metamorphism
as is the case in the Gaspé rocks.

Overview of prograde sequence

The relations described above imply that the original
sediments were composed of a significant andesitic vol-
canic component. In the samples of the diagenetic zone,
Jiang (1993) observed grains of volcanic biotite that
were partially replaced by complex intergrowths of
chlorite, corrensite, and minor smectite layers, noting
that both local layer-by-layer replacement and larger-
scale dissolution-transport-precipitation processes were
involved in the transition of biotite to secondary clays.
The dioctahedral phase occurring as part of the fine-
grained matrix of diagenetic samples is illite or mixed-
layer illite/smectite, presumably derived through al-
teration of smectite that in turn had a source in volcanic
ash, with K partly supplied by the detrital biotite and
potassium feldspar. Complex intergrowths of corren-
site, chlorite, and mixed layer trioctahedral materials
that are directly associated with illite are therefore in-
ferred to have formed in part by alteration of biotite
and in part through dissolution of smectite. The sizes
of individual, coherent chlorite packets are very small,
averaging approximately 200 A in thickness.

The transition to the anchizone is marked primarily
by a decrease in the proportion of expandable smectite
layers in general, and especially in the proportion of
corrensite, by an increase in the average size of crystals
to approximately 500 A, and by the occurrence of a
higher proportion of chlorite crystals with subhedral
outlines. Smectite layers are commonly observed to
terminate against chlorite layers, occasionally with ter-
minations occurring in opposite directions in adjacent
layers.

No expandable layers were observed in samples from
the high grade portion of the anchizone. Chlorite was
the principal trioctahedral clay that was observed, oc-
casionally with small numbers of ~7-A layers of ber-
thierine. Chlorite generally occurs as relatively large
crystals (averaging approximately 800 A in thickness)
that commonly have well-defined subhedral to euhe-
dral outlines. It also occurs as packets intergrown with
illite, forming thick stacks of chlorite-mica inter-
growths. Various deformation strain features refiect
tectonic stress, and textures generally illustrate contin-
ued adjustment of texture via dissolution and crystal-
lization.

The epizone samples are marked by a further in-
crease in crystal size to an average thickness of ap-
proximately 2000 A, increased definition of crystal out-
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Figure 16. Plot of octahedral Al vs. Fe/(Mg + Fe + Mn)

showing the compositional variation of chlorite in the Gaspé

samples. The solid closing curves illustrate the compositional

range of chlorite in the anchizonal and epizonal samples. The

range of the epizonal chlorite is stippled.

lines, and a decrease in the number of defects. Although
various deformation features reflect adjustment to tec-
tonic stress, the samples are relatively homogeneous.
The Gaspé sequence is thus one in which a high
proportion of expandable trioctahedral layers formed
with varying degrees of order with respect to chlorite,
as direct replacement of volcanic detritus and by larger-
scale dissolution and crystallization. These small, de-
fect-rich crystals were gradually replaced, again by a
combination of layer-by-layer replacement and dis-
solution and crystallization by larger crystals of defect-
poor chlorite. Further changes are evident in the in-
crease in size of chlorite and white micas, decreasing
concentrations of defects, and improved definition of
individual crystals. All changes are consistent with a
trend from metastable, disordered phases toward a
mineralogically simple system that approaches a state
of equilibrium with respect both to the small number
of homogeneous phases and to texture (Peacor 1992).

Compositional variation of chlorite

Figure 16 shows the relations for octahedral cations
of the Gaspé chlorite. The octahedral composition also
reflects the tetrahedral composition (assuming no ferric
Fe) because all formulae, as normalized to anions, have
nearly full octahedral occupancy; the numbers of oc-
tahedral and tetrahedral Al are therefore approxi-
mately equal. The range of octahedral Al contents is
relatively smalt (2.1-3.1 pfu), but Fe/(Mg + Fe + Mn)
varies widely. The range of variation decreases with
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anchizonal (R299) rocks of the Gaspé sequence. The data
points for sample A416 are enclosed with solid curves.

increasing grade from the low-grade anchizone to the
epizone, as consistent with the trend toward homog-
enization of thermodynamically stable phases de-
scribed above. The limited composition range of the
diagenetic chlorite (19 analyses total from two samples)
appears to be an exception to the rule, but that is un-
doubtedly due to the limited number of analyses and
alack of analyses of the dominant small packets which
are most likely to be heterogeneous.

Although data points are widely scattered, there is a
general positive correlation between the Fe/(Mg + Fe
+ Mn) ratio and Al content of chlorite (Figure 16).
Such a trend is consistent with minimization of the
misfit between octahedral and tetrahedral sheets of the
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2:1 layer, although other factors may also be involved
(Bailey 1988). The increase in Al content would give
rise to an increase and a decrease in the lateral dimen-
sions of tetrahedral and octahedral sheets, respectively,
which may require a substitution of Fe for Mg or Mn
in the octahedral sheet to compensate for such changes.

Contrary to observations of many studies, the av-
erage compositions of chlorite for each grade are ap-
proximately the same and most of our chlorite analyses
show nearly full trioctahedral occupancy. These char-
acteristics are different than those of most electron mi-
croprobe analyses of low-grade chlorite, for which sig-
nificant octahedral vacancies are frequently reported
(Hillier and Velde 1991), a relation implying contam-
ination by interlayered phases that occur commonly
in metabasites (Shau et al 1990; Schiffman and Frid-
leifsson 1991). These relations and the lack of stable
equilibrium as generally recognized (Velde and Medhi-
oub 1988; Peacor 1992; de Caritat er a/ 1993) and
demonstrated above for the Gaspé chlorite suggest that
use of chlorite composition as a geothermometer in
low-grade regimes (Cathelineau and Nieva 1985; Cath-
elineau 1988) is not warranted.

Compositional relation between coexisting
corrensite and chlorite

Figures 17a and 17b are plots of Si-Al-(Mg + Fe +
Mn) and A(VD)-Mg + Mn)-Fe compositional com-
ponents, respectively, of corrensite and chlorite in sam-
ples A416 and R299. The plots show that the corrensite
is more Si- and Mg-rich than the coexisting chlorite in
the diagenetic sample, consistent with the general crys-
tal-chemical relations between corrensite and chlorite
in basalt alteration parageneses (Shau et a/ 1990; Shau
and Peacor 1992) or in hydrothermal smectite-to-chlo-
rite conversion sequences (Inoue et al 1984; Inoue
1987). The smectite-like interlayer of corrensite is de-
fined by Si-rich tetrahedral sheets that give risc to a
small interlayer net negative charge, which requires
that the octahedral sheet have minimum dimensions
as consistent with low Fe occupancy to minimize mis-
fit. The analyses of corrensite and chlorite by Inoue
(1985), Bettison-Varga et al (1991), and Inoue and Uta-
da (1991), however, show decreased or nearly constant
Fe/(Mg + Fe) ratios concomitant with an increase of
Al/(Si + Al) ratios in conversions of smectite to cor-
rensite. Bettison-Varga et al (1991) suggested that such
an inverse chemical relation may be due to a lack of
ample fluid, resulting in diverse local chemical envi-
ronments and formation processes. The wide distri-
bution of data points in Figure 17 may be a reflection
of local environments, but the general crystal-chemical
relations between corrensite and chlorite remain con-
sistent for most analyses obtained for the diagenetic
sample. This perhaps is because diagenesis of pelites
is a slow, long-term process compared to the hydro-
thermal alteration of mafic rocks. The octahedral con-
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tents of corrensite overlap those of the coexisting chlo-
rite in the low-grade zone because the chlorite was
formed by various formation processes discussed be-
low.

Crystal chemistry of corrensite

The corrensite ~24-A units in the studied samples
commonly cluster together forming packets of layers
interstratified with chlorite or else they occur as dis-
crete crystals intergrown with chlorite and illite. The
very common occurrence of relatively thick packets of
corrensite in the lowest grade rocks clearly attests to
the stability of such an ordered sequence of smectite-
like and chlorite-like layers and thus to the uniqueness
of corrensite relative to an assemblage of separate
smectite and chlorite layers. However, assuming that
chlorite layers have formed by transformation of smec-
tite-like layers, the presence of smectite-like layers sep-
arated by small, even numbers of chlorite layers im-
plies that consecutive smectite-like layers must have
previously existed. Indeed, consecutive smectite-like
layers were directly observed (Figure 9), in contrast to
the observations of Shau er a/ (1990) on phyllosilicates
in metabasites. Utilizing lattice-fringe images, they
showed that chloritic minerals tend to occur as inter-
growths of discrete chlorite and corrensite or inter-
stratified chlorite/corrensite rather than C/S in region-
ally metamorphosed basalts from northern Taiwan.

Shau et al (1990) also suggested that corrensite has
a unique structure consisting of smectite-like and chlo-
rite-like layers and that it should be considered to be
a unique phase rather than as a simple mixture of
smectite and chlorite layers. Meunier et o/ (1988) and
Mexias et al (1990) also suggested that corrensite is a
thermodynamically unique phase based on mineral
parageneses controlled by f{O,) and X(CO,) in car-
bonate and volcanoclastic rocks. A similar view was
proposed by Inoue (1985) based on the stepwise tran-
sitions from smectite through corrensite to chlorite
shown by XRD data in the diagenesis of pyroclastic
rocks from northern Japan.

Does the observation of relations among smectite-
and chlorite-like layers occurring in rocks from the
Gaspé Peninsula conflict with those conclusions? Jiang
(1993) showed that much of the Gaspé corrensite or
C/S was formed by direct replacement of layers of de-
trital biotite during early diagenesis. A layer by layer
replacement process is one in which initiation of re-
placement of individual layers by a given new layer
may have little relation to the nature of adjacent layers,
as opposed to the wholesale growth of layers from flu-
ids, as in altered basalts. In addition, such low-tem-
perature alteration of phyllosilicates commonly pro-
duces metastable mixed layers that have a wide range
of complex intergrowth textures or structures (Banfield
and Eggleton 1988; Jiang er al 1992; Bettison-Varga et
al 1991). Indeed, Bettison-Varga et a/ (1991) and Shau
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and Peacor (1992) observed consecutive smectite-like
layers in C/S in hydrothermally altered basaltic rocks
and inferred that they were metastable alteration prod-
ucts formed locally in environments with limited fluid,
as is the case with pelites. The relatively uncommon
occurrence of adjacent smectite-like layers in rocks
where corrensite is abundant is to be expected, because
such metastable disorder and heterogeneity is the rule
rather than the exception in such low-grade rocks (Pea-
cor 1992). The occurrence of apparent random C/S
(and chlorite/corrensite) is therefore not in conflict with
the uniqueness of corrensite. Indeed, the observed high
concentration of well-ordered corrensite relative to
random C/S, the formation of corrensite and chlorite
directly from biotite, and the crystal-chemical relations
between corrensite and chlorite discussed above imply
such uniqueness.

Our TEM data show that the corrensite crystals are
small and frequently contain chlorite mixed layers as
well as numerous defects. The chlorite packets are rath-
er large and defect-free compared with coexisting cor-
rensite packets. These contrasting features have been
observed in other TEM studies (Shau ef a/ 1990; Bet-
tison-Varga et a/ 1991; Shau and Peacor 1992). In con-
Jjunction with the commonly observed conversion of
corrensite to chlorite in many prograde sequences of
low-grade rocks (Helmold and van de Kamp 1984;
Chang et a/ 1986; Inoue 1987; Inoue and Utada 1991),
these relations imply that corrensite may indeed be
metastable relative to chlorite, just as Rl mixed-layer
illite/smectite or illite forms metastably relative to white
micas (Jiang et al 1990).

Diagenetic alteration of corrensite to chlorite

The TEM data are consistent with a prograde re-
action from corrensite to chlorite. The presence of a
wide range of intergrowth textures between corrensite
and chlorite, including intergrowths of discrete chlorite
and corrensite crystals, interstratification of packets of
layers, complex mixed layering, and especially termi-
nations of single smectite layers by chlorite layers, im-
plies that some of the chlorite may either have formed
simultaneously with corrensite as a diagenetic alter-
ation product of precursor phases such as smectite or
detrital biotite (Jiang 1993), or have originated from
diagenetic alteration of corrensite. The diminution of
corrensite and formation of chlorite are reconciled with
an alteration sequence of trioctahedral phyllosilicates
in a prograde environment (Hoffman and Hower 1979;
Helmold and van de Kamp 1984; Inoue 1985, 1987;
Chang et al 1986; Inoue and Utada 1991; Meunier et
al 1988). At least some of the diagenetic chlorite must
have originated from the corrensite. The occurrence of
curved corrensite packets crosscut by straight packets
of chlorite and corrensite (Figure 7) is also consistent
with a replacement of corrensite by chlorite.

However, some of the chlorite crystallized directly
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from pore fluids, independent of the formation of cor-
rensite, as evidenced by the formation of euhedral to
subhedral chlorite crystals in the absence of corrensite
(Figure 8). Such crystals may have formed at the ex-
pense of other precursor phases such as smectite, mixed-
layer illite/smectite (Hower et al 1976), kaolinite (Boles
and Franks 1979), or berthierine (Walker and Thomp-
son 1990). Mixed-layer illite/smectite is present in the
lowest grade rock of the studied sequence and the eu-
hedral chlorite crystals commonly are intergrown with
illite. Berthierine was also observed to be intergrown
with chlorite in the diagenetic rocks. These relations
suggest that both berthierine and mixed-layer illite/
smectite may have been the precursor phases of this
type of chlorite. Alternatively, such chlorite crystals
may have formed through the sequence of complete
dissolution of corrensite or biotite, transport to nucle-
ation sites, and crystallization. In any event, this type
of chlorite was formed by processes different from that
giving rise to the formation of chlorite-corrensite in-
tergrowths, although we are not able to identify any
compositional differences between the two types of
chlorite.

Syntectonic crystallization of chloritic minerals

All samples described in this study display a variety
of deformation features such as crystal bending, kink-
ing, and inter- and intra-crystal gliding. Such features
are not observed in tectonic stress-free, burial meta-
morphic pelite sequences (Peacor 1992). However, they
are common in pelites of low grade metamorphic prov-
inces that have been subject to tectonic stress (White
and Knipe 1978) and are inferred to result from the
tectonic stress to which all rocks of this study were
subjected (Islam et al 1982; Hesse and Dalton 1991).

Adjacent crystals that display contrasting deforma-
tion properties (bending and gliding vs. little or no
deformation) and have well-defined interlocking rela-
tions are common in the Gaspé samples. Such textures
imply that crystal growth occurred after initiation of
deformation, consistent with syntectonic metamor-
phism (White and Knipe 1978). Large-scale dissolution
and crystallization features were commonly observed
in this study, e.g., where deformed corrensite-rich
packets of irregular shape were observed to be cross-
cut by subhedral packets of chlorite having no smectitic
layers. Dissolution of deformed, unstable phases and
subsequent crystallization of undeformed relatively
stable phases have been commonly observed in syn-
tectonically metamorphosed rocks (Knipe 1979, 1981;
White and Johnston 1981; Weber 1981). Knipe (1981)
suggested that deformation may accelerate metamor-
phic reactions that cause a decrease in the total energy
of a rock system. Many of the observations of this
study, including truncation of bent corrensite packets
by relatively straight packets of chlorite and corrensite
in the hinge of microfolds (Figure 7) is consistent with
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such a process. Recrystallization is also an important
process in the diagenesis/metamorphism of the Gaspé
chlorite. Crystals were commonly observed to have
coalesced by readjustment of crystal boundaries and
elimination of subgrain boundaries in rocks of all grades,
contributing to an increase in crystal size with increas-
ing grade. Such processes presumably occur by local
dissolution and crystallization.

The collective data suggest that deformation and dis-
solution/crystallization/recrystallization are locally
competing processes in such tectonically stressed rocks,
with crystal growth dominating at higher metamorphic
grades. The chlorite crystallinity index, which is a func-
tion of crystal size, lattice strain, mixed layering, and
perhaps compositional heterogeneity, is thus defined
by such kinetically-controlled processes. The chlorite
crystallinity index therefore should be viewed as a P,
T, t- and strain-controlled parameter rather than as a
simple indicator only of diagenetic or metamorphic
grade.
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