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Abstract

Chlorite flakes, as a product of alteration of biotite, the dominant
ferromagnesian mineral in the Paleozoic granitic rocks of the Canadian
Appalachians, have been analyzed by electron microprobe for major elements and
by *’Fe Mdssbauer spectroscopy for the coordination and oxidation state of Fe.
Comparison of Mossbauer Fe’'/Fe ratios obtained from chlorite and its host
biotite indicates that chloritization might have occurred under relatively oxidizing
conditions. Based on 54 analyzed samples, Si cation totals of these sheet silicates
are less than 6.25 atoms per formula unit (apfu), and the sum of octahedral cations
is very close to 12 both an indication of trioctahedral chlorite. The calculated mole
fraction of chlorite in interlayered phase, Xc, ranges from. 0.72 to 0.98 confirming
that the chlorites are completely free of any smectite layers. Compositional
variations in chlorite are strongly controlled by host biotite and rock type.
Fe/(Fe+Mg) ratio ranges from 0.35 to 0.93 and Si contents from 5.18 to 6.11 apfu
lead to the classification of chlorites mainly as ripidolite and brunsvigite. All
major elements in the chlorite are strongly correlated with each other. Fe/(Fe+Mg)
ratio in biotite is well preserved by chlorite. Chlorite thermometry based on the
variation in tetrahedral Al content within the chlorite structure shows a large
variation in temperatures from 200 to 390 °C with an average of 340 °C. The
chlorite from igneous rocks could also be used to detect reheating events and
reveal the thermal history of the rocks.
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are bound together by hydroxide sheets (also called

Introduction brucite layers). In low to medium grade regional

Chlorite is a common and important layer silicate metamorphic rocks, chlorite is one of the most eminent
formed under a wide range of conditions. Its crystal sheet silicates and may be the most abundant mineral in
structure consists of a T-O-T (tetrahedral-octahedral- metamorphic rocks of the chlorite zone (e.g. [64, 44, 3,
tetrahedral) or 2:1 layers (also called talc layers) which 36, 9, 26, 31, 68, 71, 54, 67, 5, 43, 27, and 37]). In
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sedimentary rocks, chlorite is a common, but usually
minor component (e.g. [59, 58, 16, and 8§]).
Occasionally, chlorite makes up the bulk of the clay
mineral fraction of sedimentary rocks. Some chlorite is
of detrital origin in sediments (e.g., [4]), but some
chlorite forms during diagenesis (e.g., [25, 38, and 53])
and some in geothermal systems and hydrothermal ore
deposits (e.g. [30, 10, 39, 35, 56, 45, 12, 73, 13, and
72]). In igneous rocks it occurs usually forming
secondarily by deuteric or hydrothermal alteration of
primary ferromagnesian minerals, such as mica,
pyroxene, amphibole, garnet, and olivine. It is a
common constituent of altered basic rocks (e.g. [42, 40,
and 41]) and hydrothermal alteration zones around ore
bodies (e.g., [69, 32, and 57)]).

In granitic rocks, chlorite as an alteration product of
biotite has attracted the attention of many researchers
(e.g., [21,52,23,62,22,1, 34,74, 14,7, 70, and 60]) to
investigate mineralogical features and mechanism of its
formation. In addition, chlorite is almost ubiquitous as
an alteration product interleaved with, or completely
replacing biotite flakes which are found in nearly all
types of granites and granitic rocks of the Canadian
Appalachians [55]. Likewise, this paper is aimed to
provide chemical data on chlorites and to interpret the
composition with respect to host biotites and rock types
to obtain a better understanding of its occurrence, since
no attempt has been made so far to characterize it in
these rocks. In this study, we document by electron
microprobe the chemical composition of 54 chlorite and
host biotite specimens taken from different granitic
plutons from the Canadian Appalachian orogen in New
Brunswick and Newfoundland provinces. Of these, 10
biotite and 2 chlorite specimens were studied by
Mossbauer spectroscopy to document the coordination
and oxidation state of iron.

Materials and Methods

Brief Geological Setting

Plutonic rocks comprise about one quarter of all
exposed rocks in the Canadian Appalachians. These
rocks are granitic in the broad sense, meaning that for
the most part they are members of the tonalite to alkali-
feldspar granite suite. Much of this granitic plutonism
occurred during Middle Ordovician to Early Devonian
times [65]. Details of the geological, petrological,
geochemical and isotopic characteristics of these suites
and plutons have been discussed elsewhere [65, 66, 33,
and 17].
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Electron Microprobe Analysis

Mineral analyses were obtained by wavelength-
dispersive X-ray spectrometry for 11 elements (K, Na,
Mg, Ca, Mn, Fe, Al, Ti, Si, F, and Cl) using the JEOL
8900 Superprobe of the McGill University Microprobe
Laboratory. Typical beam operating conditions were 15
kV and 20 nA.

Chlorite analyses were carried out simultaneously
with the host biotite analyses for each sample, using the
same standards. Representative chemical compositions
of chlorites are presented in Table (1) along with their
respective structural formulae on the basis of O,(OH);s
[i.e., based on chlorite formula Y, Zg O,y (OH, F, Cl)¢
where Y and Z are octahedral and tetrahedral sites,
respectively]. Total iron is represented as FeO and
Fe,O; was determined by Mdssbauer spectroscopy of
two chlorite specimens (nb-19 and nb-136), which were
purified further by hand picking under the binocular to
obtain pure chlorite flakes; however, interleaved biotite
could not be avoided. For the rest of the chlorite
samples, Fe,O; values of their host biotites were used
for mineral calculations.

Using chemical composition of biotite specimens,
structural formulae were calculated based on 20 oxygen
atoms and (OH+F+C) = 4. Contents of FeO and Fe,0;
for some of the specimens were determined by applying
the Fe’'/(Fe*'+ Fe") ratios determined by Mdssbauer
spectroscopy (MS). For those samples not measured by
MS, the above ratios were extrapolated from those of
similar petrographic units. Note that the complete data
sets can be obtained from the author upon request.

Mdssbauer Spectroscopy

Transmission >'Fe Mossbauer spectra of 12 samples
were obtained at room temperature (RT=22°C) using a
*’Co rhodium matrix source on a velocity range of +4
mm/s with a constant acceleration transducer. Data was
collected on 1024 channels, which covered twice the
Doppler velocity range of +4 mm/s. Calibrations of
spectra were obtained with a *'Fe-enriched iron foil,
both before and after each experiment. All positions are
reported with respect to this calibration spectrum, i.e.,
with respect to the centre shift (CS) of metallic -Fe at
RT. All spectra were folded to give a flat background
(BG).

Absorbers were prepared as follows: Whole rock
samples were crushed using both jaw crusher and
pulverizer. The crushed samples were then sieved to
obtain the size fraction between 45 and 60 mesh (350-
250 pm). All samples were washed with water or
acetone to remove dust. Magnetite was removed with a
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Table 1. Representative electron microprobe analyses of chlorite and their structural formulae based on 28 oxygen atoms from the
Canadian Appalachian granites

Sample No. Nb-195 Nb-189 Nb-30 Nf-52 Nb-29 Nf-78 SNF-4
Mean of analysis points 2 2 4 2 3 2 2
Si02 27.60 26.79 26.18 25.60 24.78 27.28 25.93
TiO2 0.02 0.04 0.36 0.01 0.06 2.78 0.10
Al203 18.64 18.72 18.29 19.41 20.37 15.68 19.79
FeO total 21.11 23.59 31.49 25.08 28.95 28.11 25.00
Fe203 4.57 5.11 7.69 5.85 7.39 4.37 3.05
FeO 16.98 18.98 24.54 19.80 22.28 24.17 22.24
MnO 1.01 0.65 1.08 0.93 1.43 0.83 0.96
MgO 18.98 17.42 9.97 16.12 11.72 10.61 16.23
CaO 0.03 0.05 0.09 0.01 0.02 2.52 0.05
Na20 0.00 0.05 0.02 0.00 0.00 0.02 0.01
K20 0.03 0.05 0.22 0.01 0.02 0.30 0.06
H20 11.68 11.46 11.20 11.53 11.31 11.20 11.42
F 0.16 0.30 0.04 0.00 0.03 0.08 0.15
Cl 0.00 0.03 0.00 0.01 0.00 0.01 0.00
total 99.64 99.51 99.66 99.28 99.39 99.81 99.94
Si 5.65 5.55 5.62 5.37 5.28 5.83 5.41
Al 2.35 2.45 2.38 2.63 2.72 2.17 2.59
XT site 8 8 8 8 8 8 8
Al 2.15 2.13 2.24 2.16 2.40 1.78 2.28
Ti 0.00 0.01 0.06 0.00 0.01 0.45 0.02
Fe* 0.70 0.80 1.24 0.92 1.19 0.70 0.48
Fe™ 291 3.29 4.41 3.47 3.97 432 3.88
Mn 0.18 0.11 0.20 0.17 0.26 0.15 0.17
Mg 5.79 5.38 3.19 5.04 3.73 3.38 5.05
X0 site 11.75 11.77 11.42 11.77 11.56 11.44 11.91
Ca 0.01 0.01 0.02 0.00 0.00 0.58 0.01
Na 0.00 0.02 0.01 0.00 0.00 0.01 0.00
K 0.01 0.01 0.06 0.00 0.00 0.08 0.02
OH 15.90 15.80 15.97 16.00 15.98 15.94 15.90
F 0.10 0.19 0.03 0.00 0.02 0.06 0.10
Cl 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe/(FetMg) 0.38 0.43 0.64 0.47 0.58 0.60 0.46
Xc 0.95 0.95 0.88 0.96 0.92 0.72 0.98

Xc: chlorite component
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strong permanent magnet and the mafic and felsic grains
were then separated using a Frantz magnetic separator.
Further purification in some cases was achieved using
heavy liquids (methylene iodide, S.G.= 3.33). Final
shaking on a tilted paper sheet and hand-picking were
performed for all samples until the concentrates
appeared at least 99% pure under the binocular
microscope. The amount of sample used in the
absorbers varied between 70 to 130 mg and was
determined by the method of Rancourt et al. [50] to
maximize the signal to noise ratio. The above-
mentioned amount of granulated mica corresponding to
the ideal (or near-ideal) absorber thickness was then
mixed with petroleum jelly in a 5 mm thick and 0.5 inch
inside diameter holder. This method has been shown to
give random orientation of the mica grains in the
absorbers and allows one to impose equality in area of
corresponding high and low-energy lines in site-specific
doublets [51].

The new Voigt-based model of arbitrary-shape
quadrupole splitting distributions (QSD) of Rancourt
and Ping [49] was used to fit the spectra. This model
assumed that the true underlying QSD for a given
valence state and coordination number, i.e., for a given
site, is composed of a given number N of Gaussian
components as can be justified on statistical grounds
and used. Unique distributions are thereby obtained
[49].

None of the spectra were thickness corrected, a
method which takes into account the spectral distortions
that occur because of finite absorber thickness [50, 47,
and 48]. Although we know that thickness effects are
minimal for these types of absorbers.

Whole-Rock XRF Analyses

Whole-rock major, minor and trace elements were
determined by sequential wavelength-dispersive X-ray
fluorescence (XRF) with a Philips PW2400 automated
spectrometer. Major, minor and trace element analyses
were performed on glass discs of fused rock samples.

Results and Discussion

Madssbauer Spectroscopy of Chlorite

Maossbauer spectroscopy (MS) has become a fairly
common method for characterizing the local
environment of Fe in iron-bearing minerals. It is
considered the most precise tool for determination of
Fe*'/Fe ratio (e.g. [50]). As natural chlorites usually
contain between 5 and 40 weight percents iron, they are
considered  suitable  materials for  Mdssbauer
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spectroscopic investigations [20]. In this study obtained
Maéssbauer spectroscopy of two chlorite samples have a
slightly higher Fe’'/(Fe*'+Fe’") ratio than their host
partially chloritized biotite grains. Representative
Mossbauer spectrum of a chlorite sample is shown in
Figure 1.

All spectra of biotites and chlorites show remarkable
similarity and have three main absorption peaks
centered at -0.1, +1.0 and +2.3 mm/s, which
respectively correspond to 1) the low-energy lines of
both octahedral Fe*' and octahedral Fe** quadrupole
doublets, 2) the high-energy lines of octahedral Fe'*
quadrupole doublets, and 3) the high-energy lines of
octahedral Fe*' quadrupole doublets. None of these
spectra shows a shoulder at 0.4 mm/s corresponding to
high energy-lines of quadrupole doublets of Fe’" in
tetrahedral sites. This is fully consistent with the
calculated structural formulae (Table 1) as there is
sufficient Al to completely fill the tetrahedral sites and
there is an excess of Al carried over to octahedral sites
(1.70-2.78 atoms per formula unit (apfu)). The solid line
joining the data points of a given spectrum is the fit
result. The other solid lines show the separate
contributions from octahedral Fe*" and octahedral Fe®'.
The difference spectra (or residuals) are shown with the
same vertical scales as the respective spectra.

For instance, the Madossbauer determination of
Fe*'/(Fe**+Fe’") ratio from one specimen of chlorite
(nb-136) is 0.23 that is slightly higher than the value of
its partially altered parent biotite (0.21), indicating that
chloritization of biotite probably occurred under
relatively oxidizing conditions.
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Figure 1. Fitted raw folded spectrum of a representative
chlorite sample from granitic rocks of the Canadian
Appalachians. The line joining the data points is the fit result.
The other solid lines show the separate contributions from
octahedral Fe?" and Fe*'. The different spectra are shown with
the same vertical scales.
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Mineral chemistry of Chlorite

Based on the microprobe data, most of the
compositional variations in chlorite reflect large
differences in the iron, magnesium, silicon and
aluminum contents (Fig. 2). Si and Al are the only
constituents of the tetrahedral sheet and the main
constituents of the two octahedral sheets are Mg, Fe*',
Al and Fe*' (e.g. Table 1). Fe/(Fe+Mg) ratio ranges
from 0.35 to 0.93 and Si contents range from 5.18 to
6.11 apfu lead to the classification of chlorites mainly as
ripidolite and brunsvigite (Fig. 3).

Using X-ray diffraction, Bettison and Schiffman [9]
identified chlorites from the Coast Range volcanic
complex, Troodos ophiolitic rocks, Onikobe and
Icelandic geothermal fields that do not have Si cation
totals greater than 6.25 cations per 28 oxygens, whereas
those with higher values were structurally identified as
various interlayered phases such as chlorite-smectite.
All our samples except one have Si values less than 6.1
apfu, which is a characteristic indication of chlorite. In
addition, according to these investigators Ca value in
the structure of chlorite should not be greater than 0.10
cations per 28 oxygens; otherwise indicates the presence
of a smectite component. Our 51 samples out of 54 have
Ca values less than 0.10 apfu.

Bettison and Schiffman [9] used also a parameter
called Xc which means proportion of brucite layers, i.e.,
mole fraction chlorite in interlayered phase. They
assumed if the analyzed phase lies between pure
saponite and pure chlorite, the composition is expressed
by (K, Na, Cags),., "'[(Mg,Fe.Mn)q,AL]-"[Sis.,Al,]0x
(OH),. x[(Mg,Fe)s(OH),]. Values for X, y, and z are
obtained from the above formula by first calculating a
proportioning factor (f). The factor can be determined
for two different cases: (1) ifz>y, f=16/[Al + 2Si +
2Ca + K] and (2) ifz <y, f=16/[Al + 2Si-2Ca-K].
Structural formulae recalculation of interlayered phases
on this basis represents a possible technique by which to
evaluate the proportions of saponite and chlorite. For
analyses representing pure chlorite, Xc will approach
one and the exchangeable cations will be near zero. Pure
smectite will be represented by analyses in which Xc is
zero. Interlayered phases with 1:1 proportions of
chlorite and smectite should have Xc near 0.5.

As tetrahedral Al values of our chlorites are greater
than the octahedral Al ones, i.e., z>y (Fig. 4), the Xc
parameter obtained from microprobe analyses of our
chlorites range from 0.72 to 0.98. The calculated values
of Xc, empirical quantification of the proportion of
smectite layers in the structure, indicate pure chlorite. In
addition, Lopez-Munguiral et al., [40] in their study on
chlorites from the Cambrian basic lavas from the SW
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Spain calculated the Xc parameter and found a range
from 0.81 to 0.98. They examined the same chlorites
further by using XRD and HRTEM techniques that
confirmed their chlorites were completely free of any
smectite layers.
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Figure 2. (a and b) Compositional variations in chlorite
samples from granitic rocks of the Canadian Appalachians
based on the contents of iron, magnesium, aluminum and
silicon oxides.
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Figure 3. Compositional variations of chlorites in terms of
Fe/(Fe+Mg) versus Si (cations/28 oxygen atoms) from granitic
rocks of the Canadian Appalachians.
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The sum of octahedral cations (11.24-11.90) is very
close to 12 in our samples confirming that the chlorite is
predominantly trioctahedral, i.e., all octahedral sites are
occupied by cations [68]. It is worth mentioning that the
chlorite group is subdivided into four subgroups:
trioctahedral  chlorite, dioctahedral chlorite, di,
trioctahedral chlorite and tri, dioctahedral chlorite.
Among these, the common form is trioctahedral in both
the 2:1 layer and the interlayer hydroxide sheet [6].

Figure 5 exhibits the Fe/(Fe+Mg) ratio of chlorite to
that of the biotite precursor. In spite of insignificant
degree of scatter, it is evident that there is a strong
correlation in the Fe/(FetMg) ratios between chlorite
and biotite. This suggests that the iron and magnesium
content of chlorite is strongly influenced by the
concentration of these elements in the biotite parent. i.e.,
this ratio is well preserved by the chlorites. The
influence of the precursor on the composition of chlorite
has also been noted by a number of writers, for instance,
Parry and Downey [46], Czamanske et al., [18] and
Tulloch, [61]. Likewise, the Fe/(Fe+Mg) chlorite ratio is
also dependant on the bulk composition of the host rock
(Fig. 6).

Aside from the necessary changes in Si, Al, K, Na,
Ca, and H,O contents, the chlorites differ from their
parent biotites in having more magnesium and iron (Fig.
7) and are slightly more oxidized with a higher Fe'
content.

Figure 8, a plot of octahedral Fe’* values versus
octahedral Fe*', displays a general trend that Fe’"-rich
chlorites contain more Fe®' than do the Fe*'-poor
chlorites. This Fe’" must be considered mainly primary,
however a slight degree of oxidation is assumed based
on Mossbauer spectroscopy study.

Positive correlation of Mn / Mn + Fe’" between
chlorites and parent biotites in Figure 9 exhibits that the
majority of chlorites have relatively higher Mn / Mn +
Fe’ ratios, i.e., enriched in manganese.

Chlorites contain little of the original Ti content of
biotite. TiO, values vary from 1.27 to 0.01 (%wt) which
is in general not an important constituent of chlorite
which probably forms the rutile or titanite intergrown
with chlorite.

Calcium, potassium and sodium typically occur as
impurities in chlorite [2 and 19]. Czamanske et al., [18]
suggested that these eclements are, occasionally,
absorbed or occur as interlayer cations in chlorite. The
depletion of K,O and decrease in SiO, are related to the
formation of K-feldspar accompanying the breakdown
of biotite to chlorite.

Foster [24] has shown that very few chlorites have
total octahedral Al approximately equal to tetrahedral
Al. In most cases, octahedral Al is low, and other
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trivalent cations, such as Fe’* or Cr’', are present to
proxy for Al in balancing the negative charge on the
tetrahedral sheets. If the total number of trivalent
octahedral cations is approximately equal to tetrahedral
Al, the octahedral occupancy is close t012.00 atoms. If
the total number of trivalent octahedral cations is greater
than tetrahedral Al, Foster showed that the total
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Figure 4. Contents of octahedral Al versus tetrahedral Al in
chlorites from granitic rocks of the Canadian Appalachians.
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octahedral occupancy is less than 12.00 atoms by an
amount equal to one-half the excess trivalent cations
over tetrahedral Al. Structural formula calculations of
our chlorites show that the latter case is true (Fig. 3),
and this relationship, illustrated also in Figure 10,
indicates that the excess trivalent octahedral cations
replace divalent cations in the ratio 2:3. Such chlorites
have vacancies in the octahedral sites and are called
leptochlorites in earlier classifications.

Chlorite thermometry has been developed by several
researchers (e.g., [63 and 10]. Here the chlorite
thermometer of Cathelineau [10] was used which is
based on the variation in tetrahedral Al content within
the chlorite structure according to this equation: T=-
61.92+321.98*A1". Calculated temperatures show a
large variation temperatures 200 to 390 °C with an
average of 340 °C. The range of calculated temperatures
seems almost consistent with experimental results
obtained by Cole and Ripley [15]. Based on detailed
thin section, scanning electron microscope (SEM), x-ray
diffraction (XRD), and electron microprobe analyses,
these authors demonstrate that biotite is altered
exclusively to chlorite in 13 granite-fluid experiments
conducted at the following conditions: T = 170-300°C,
P = vapor saturation — 200 b, salinity = H20, 0.1 and 1
m NacCl, fluid/biotite mass ratios = 3—44, run durations
= 122-772 h. The amount of chlorite, quantified
through point counting and XRD, increased with
increasing temperature, salinity, and time.

Figure 11 shows that the majority of our chlorites
plot within the field of IIb-structural type. To plot the
data on this diagram, structural calculation of chlorite
was recalculated on the basis of Oo(OH); [i.e., based on
chlorite formula Y4 Z; O;p (OH, F, Cl)g]. The IIb
structural type is the most stable chlorite type and
occurs mostly in metamorphic rocks and in medium- to
high-temperature hydrothermal ore deposits (e.g., [6 and
68]). It is expected that chlorites formed by alteration of
pre-existing ferromagnesian minerals in igneous rocks
to be of low temperature metastable structural types [6].

What should be the cause, being within the field of
IIb-structural type? This can be interpreted in different
ways, one possibility, according to Bailey [6], is that at
lower temperature chlorite of the higher structural
energy can form metastably. This structure may remain
indefinitely or, if energy is added to the system through
metamorphism, may invert to the stable IIb type.
Another possibility is that these chlorites formed in low
temperature, as it is expected, but thermal energy of low
grade metamorphism caused these low temparture
structural type chlorites to convert to more stable IIb
structure. It seems that the latter possibility might be
true since regional deformation and metamorphism have
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affected the Canadian Appalachian rocks at the Silurian
(e.g. [65 and 11]).

Based on the data and interpretation presented above
it can be concluded that the composition of chlorite,
mainly ripidolite and brunsvigite, is closely related to
composition of its host biotite. Breakdown of biotite
into chlorite was accompanied by the following
chemical changes: decrease in SiO,, K,O and TiO,;
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Figure 7. Plot of FeO versus MgO in chlorite samples and
their precursor biotite samples from granitic rocks of the
Canadian Appalachians.
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Appalachians. The field defined by a solid line is after Hayes
(1970) and that defined by dashed line is after Bailey (1988).
These two fields define the compositional range of the more
stable (IIb structure type) metamorphic chlorite samples.

increase in H,O, MgO, FeO,y, and MnO and slight
increase in Al,Os.

The enrichment of Fe, Mn and Mg in chlorite relative
to biotite may be related to structural differences
between these minerals.

None of the Mdossbauer spectra of chlorite show a
shoulder at 0.4 mm/s corresponding to high energy-
lines of quadrupole doublets of Fe** in tetrahedral sites
which is completely consistent with the calculated
structural formulae. In addition Mdossbauer determ-
ination of Fe'/(Fe*+Fe') ratios indicate that
chloritization of biotite probably occurred under
relatively oxidizing conditions.

Our chlorites have total octahedral Al less than
tetrahedral Al; therefore, Fe’* is present to proxy for Al
in balancing the negative charge on the tetrahedral
sheets. However, the total octahedral occupancy is less
than 12.00 atoms consequently implying that our
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chlorites have vacancies in the octahedral sites.

The studied chlorites are completely free of
contamination by smectite layers which is determined
by the Xc parameter, calculated mole fraction of chlorite
in interlayered phase.

Chlorite thermometry shows a large variation in
temperatures from 200 to 390 °C with an average of 340
°C which is almost consistent with the experimental
results reported on the chloritization of biotite in
granitic rocks.

Tetrahedral Al values are remarkably similar to those
from the most stable (type IIb) metamorphic chlorite,
suggesting, chlorite from igneous rocks could be used to
detect the reheating events of the crystalline terrains.
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