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Abstract—In the Nuussuaq Basin, West Greenland, a thick succession of Tertiary dolerites has penetrated
Upper Cretaceous mudstone. The mixed-layer minerals of mudstone core samples have been analyzed by
X-ray diffraction, solid-state >°Si and >’ Al magic-angle spinning nuclear magnetic resonance, Mossbauer
and infrared spectroscopies, thermal analysis, chemical analysis, stable isotopes ('*0/'°0), and K/Ar
dating. The mixed-layer minerals include for each sample two mixed-layer phases consisting of
pyrophyllite, margarite, paragonite, tobelite, illite, smectite and vermiculite layers. The main, 80 m thick
intrusion resulted in the formation of pyrophyllite, margarite, paragonite and tobelite layers. However, the
tobelite layers are absent in samples <21 m from this intrusion. Furthermore, chlorite was formed and
kaolinite destroyed in samples adjacent to minor intrusions and at distances <60 m from the large intrusion.
For the first time, the detailed, complex mixed-layer structures formed during contact metamorphism of
kaolinitic, oil-forming mudstones have been investigated accurately. The formation of tobelite layers
reveals that oil formation has taken place during contact metamorphism. Furthermore, K/Ar dating of
mixed-layer minerals from shale indicates that the intrusives are of early Eocene age. The 80 m thick
intrusive is responsible for the main mixed-layer transformations, whereas two thin (3 m and 0.5 m thick)
intrusions contribute little. Thus, the detailed mixed-layer investigation has contributed significantly to the

understanding of the regional geology and the contact metamorphic processes.
Key Words—Burial Diagenesis, Greenland, Illite-smectite, Oil-source Rocks, Tobelite.

INTRODUCTION

Temperature and duration of heating are the main
factors in the smectite illitization reaction. During burial
diagenesis, smectite layers in illite-smectite (I-S) are
converted into illite layers (Shutov et al., 1969a, 1969b;
Perry and Hower, 1970; Hower et al., 1976; Lindgreen
and Hansen, 1991; Drits et al., 1997b; Lindgreen et al.,
2000).

On the one hand, during short-lived volcanic
episodes, temperatures will depend on the distances to
intrusives or dikes, and will be much greater close to
intrusives than those reached during burial diagenesis.
On the other hand, the duration of heating depends on
the thickness of the volcanic body (an enthalpy
constraint). Therefore, mineralogical transformation
reactions of clays during burial diagenesis and volcanic
dike formation should have not only common, but also
some specific features. Information on clay mineralogi-
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cal associations in the vicinity of igneous intrusive
bodies is rather scarce. Usually, shales heated by
intrusives are investigated for the smectite illitization
reaction in association with different authigenic discrete
clay minerals (Bithmann, 1992).

During burial diagenesis in oil source rocks, the
transformation of I-S takes place simultaneously with
peak oil generation and is accompanied by fixation in its
structure of NH, released from organic matter (Hunt,
1979; Foscolos and Powell, 1979; Lindgreen and
Hansen, 1991; Lindgreen, 1994; Williams et al., 1989,
1992). The structural mechanism of this reaction consists
of the transformation of smectite layers into NHy-
bearing tobelite mica-like layers, and, as a result, in
the formation of mixed-layer illite-tobelite-smectite
(I-T-S) or illite-tobelite-smectite-vermiculite (I-T-S-V)
phases (Drits et al., 1997a, 1997c, 2002a, 2002b;
Lindgreen et al., 2000).

In organic shales, fixation of NH4 in layer silicates
during volcanic dike formation has been described for
Upper Cretaceous Colorado shales by Cooper and Raabe
(1982). They showed that NH; is released from the
organic matter of the shale, and NHj-containing fluids
migrate over long distances from the dike, losing NHj
ions by incorporation into the phyllosilicate structure.
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However, detailed structural studies of the clay minerals
were not carried out, and the source of fixed NHj as well
as the level of organic maturation were not determined
unambiguously.

Williams and Ferrell (1991) investigated a thin
stratigraphic zone of the Pierre shale, located within
the contact aureole of the lamprophyric Walsen dike,
and found that the concentration of fixed NH} in I-S has
a very small value near the dike, a maximum value
between 10 and 22 m from the dike, and remains rather
large up to 55 m from the dike. The maximum value
corresponds to a temperature of 150—200°C, identified
as the ‘oil window’.

The origin of the authigenic NHy-rich illites formed
from kaolinite at peak metamorphic conditions during
the Alleghanian orogeny in Pennsylvania anthracite coal
has been studied by Juster et al. (1987), Daniels and
Altaner (1990, 1993) and Daniels et al. (1990, 1996).
These authors conclude that NH ions, required for the
formation of NH,-bearing illite layers, originate from
organic matter in the coal. However, Daniels and Altaner
(1990, 1993) assumed that the ammonia in the fluids
adjacent to the seams originates from these, whereas for
the shales further away from the seams, a larger
percentage of the NH is derived from the organic
matter in the shale. Daniels et al. (1994) employing K/Ar
dating concluded that the illite-layer formation from
kaolinite involves simultaneous K" and NHj fixation and
that it has taken place during anthracite formation at
200—-275°C.

In the Nuussuaq Basin, West Greenland, a thick
succession of Tertiary dolerite intrusives has penetrated
Cretaceous mudstones with ~5% organic C. The present
investigation will describe the detailed structure of the
mixed-layer minerals formed and the influence of the
intrusives on the transformation mechanism. To study
interactions between igneous intrusives and shales, we
paid special attention to determination of the structural
forms of NHj fixation and the quantitative distribution
of NH; fixed in clay minerals as a function of their
distances from the intrusive bodies.

GEOLOGY OF THE AREA

The West Greenland continental margin formed
during the extensional opening of the Labrador Sea in
late Mesozoic—early Cenozoic time. The Nuussuaq
Basin is adjacent to basement in the east and the
sedimentary succession on Nuussuaq is 6—8 km thick in
places (Chalmers et al., 1993, 1995; Christiansen et al.,
1995; Whittaker et al., 1997). The sediments of the basin
are overlain by several kilometer-thick Paleocene—
Eocene mafic volcanics, which have been partly eroded
during Paleogene, Neogene and post-glacial time
(Clarke and Pedersen, 1976). Oil has been found in the
volcanics and the underlying sediments, but the sedi-
ments immediately below the volcanics are thermally
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immature with respect to oil generation. The Umiivik
well was drilled on the Svartenhuk peninsula.

MATERIALS

The Umiivik well consists of Upper Cretaceous
(?Upper Turonian) mudstones cut by Paleocene dolerite
intrusions. The mudstones were sedimented in the distal
part of a major turbidite complex in a marine environ-
ment (Dam, 1997). Coal layers are not present in the
well. Core samples were taken from the bottom
Cretaceous (probably Turonian) section with well
defined positions relative to the intrusions (Table 1).

METHODS, EXPERIMENTAL

Chemical pretreatment

After hand grinding and removing organic matter
(Anderson, 1963) the samples were ultrasonically
dispersed and the clay fraction (<2 um) was obtained
by centrifugation. From the clay fraction, the mixed-
layer fraction was isolated by centrifugation (Hansen
and Lindgreen, 1989). This fraction was dominated by
mixed-layer minerals and was therefore the subject of
the investigation of these minerals. The mixed-layer
fractions were saturated with K', Ca>" and Mg2+ by five
repeated washings using 1 M chloride solutions.
Oriented specimens were prepared by the pipette method
using 2.5 mg/cm® of specimen.

Table 1. Samples investigated from the Umiivik 1 well.

Depth (m), Thickness of Relative to
sample intrusive intrusive
1027.40 80 m 47 cm below
1037.20* 10 m below
1037.21%* 10 m below
1037.50 11 m below
1037.77 11 m below
1038.15 11 m below
1063.31 ~0.50 m 3 cm below
1063.42 14 cm below
1063.68 37 cm below
1093.40 ~3 m 25 cm above
1093.64 at intrusion border
1096.78 22 cm below
1096.85 29 cm below
1096.96 42 cm below
1097.23 58 cm below
1097.37 72 cm below
1140.51 no adjacent intrusive

1158.91 no adjacent intrusive

1164.36 no adjacent intrusive

1166.16 no adjacent intrusive

1180.36 no adjacent intrusive

1194.93 no adjacent intrusive

*: siltstone; **: mudstone
Contact angle ~60° between siltstone (above) and mudstone
(below)
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XRD measurements

X-ray diffraction (XRD) patterns of Mg*'-saturated
specimens were obtained using CoKa radiation with a
Philips 1050 diffractometer with a Fe filter, pulse height
selection and a normal focus tube. Slits used for the
whole patterns were 1/4° divergence and antiscatter slits
and a 0.2 mm receiving slit, and for analysis of the 060
reflection, 4° divergence and antiscatter slits. Mg-
saturated specimens were analyzed air dry, and after
glycolation for 3 days at 60°C in glycol vapor. After
heating at 150°C for 1 h, K'-saturated specimens were
analyzed in dry nitrogen gas atmosphere on a Philips
PW3040 diffractometer using a fine-focus tube and
CoKo radiation. To record their 002, 003 and 005
reflections, two Soller slits, a 0.1 mm receiving,
1° divergence and anti-scatter slits, a curved graphite
monochromator and scanning at 0.01°20 were used.
Errors in the determination of dy; values do not exceed
0.001 A and 0.0005 A for 002 and 005 reflections,
respectively.

Thermal analysis

A Stanton Redcroft DTA 673-674 with gas outlet to
non-dispersive infrared (IR) H,O and CO, detectors was
used to determine quantitatively the amount of structural
water released during heating (evolved water analysis,
EWA) (see Morgan, 1977). Na'-saturated samples were
heated stepwise at 5°C/min in a gas flow of 300 mL of
N, per min to 1000°C, constant temperature being kept
at dehydroxylation peaks.

Nuclear magnetic resonance spectroscopy

27Al and *°Si magic-angle spinning (MAS) nuclear
magnetic resonance (NMR) spectra were obtained on
Varian Unity INOVA-600 (14.1 T) and INOVA-400
(9.4 T) spectrometers. Experimental conditions were
described in detail by Jakobsen et al. (1995, 2002).
2%Si MAS NMR spectra are used for the quantitative
spectral deconvolution to determine different local
cation environments around Si in tetrahedral sheets of
layer silicates using the *°Si chemical shift values 5*°Si
(0A1), 5*°Si (1Al), 6*°Si (2Al) and 8*°Si (3Al) observed
in smectite/pyrophyllite, illites, and rectorites (Jakobsen
et al., 1995). The recording of >’Al MAS NMR spectra
for the present clay samples has primarily been aimed at
determination of precise values for the ratios of
tetrahedral to octahedral Al contents, [4]Al/[6]Al, as has
been shown previously (Lindgreen ef al., 1991).

IR spectroscopy

The IR spectra were recorded on a Nicolet ESP-260
spectrometer within the 3000—4000 cm ' range, with a
4 cm™' resolution.

The sample was oven dried, then freeze dried,
homogenized with KBr, placed in a pellet die and
pressed under vacuum (McCarty et al., 2004). The OH-
stretching regions of the spectra (3200—3750 cm™')
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were decomposed with the variable parameters: position,
width at half-height, and intensity of each component.

Mossbauer spectroscopy

Mossbauer spectra were obtained using a constant
acceleration spectrometer and a source of °’Co in Pd.
Isomer shifts are given relative to the centroid of the
spectrum of a-Fe at room temperature. The spectra were
fitted to quadrupole doublets with equal intensities and
halfwidths and Lorentzian shapes. Analyses were
performed on selected Na'-saturated samples at room
temperature and with the absorber plane at an angle of
54.7° to the radiation.

Total chemical analysis

For Ca®"- and Na'-saturated samples, 1063.31—
1194.93, total chemical analyses were performed using
HF-H;BO; dissolution in Teflon bombs (Bernas, 1968),
followed by atomic absorption spectrophotometric
(AAS) determination of dissolved K, Na, Mg, Ca, Fe,
Al and Si. For Na"-saturated samples, 1027.40—1038.15,
total chemical analysis was performed using X-ray
fluorescence (XRF) spectroscopy.

Isotope geochemistry and K-Ar dating

3'%0 of clay minerals were determined by the
Macaulay et al. (2000) modification of the laser
fluorination procedure of Sharp (1990) whereas Ar and
K analyses were carried out according to techniques
outlined by Hamilton et al. (1989). The precision and
accuracy of measurement of the oxygen isotopic
composition of the CO, are +0.2%0 (1c) and NBS 28
gives 9.6%o; data are reported as & values in %o relative
to V-SMOW. Total *°Ar is corrected for atmospheric
“OAr by assuming that all measured *°Ar is atmospheric
in origin and that YOAr POArATM = 295.5, giving 40 p
(radiogenic argon). A 1.1% error (1o) is assigned to
4OAr* (radiogenic argon) based on reproducibility of
standards. Standard HDB-1 gave an age of 24.9+0.7 Ma
(accepted age is 24.7+0.3 Ma, Fuhrmann et al., 1987). A
4.3% error (1o) and a 2.3% error (1o) are assigned to
the K,O measurements by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) and Scottish
Universities Environmental Research Centre (SUERC),
respectively, based on the reproducibility of standards.

METHODS, INTERPRETATION
Simulation of XRD patterns

Simulation of the experimental XRD patterns in the
2.5—55°20 region was carried out according to the
procedure described by Drits et al. (1997a) and Sakharov
et al. (1999). In the following, I, T, P, Py, S, M and V
denote K-bearing illite, NH4-bearing tobelite, Na-bear-
ing paragonite, pyrophyllite, smectite, Ca-bearing mar-
garite and vermiculite-like layers, respectively. We
define expandable layers as smectite and vermiculite if
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in the glycolated state their interlayers contain two or
one layers of glycol molecules, respectively, indepen-
dent of the nature of the exchangeable cations. For
mixed-layer I-T-S and I-S minerals, the K* and NHj
contents in illite and tobelite interlayers were 0.75—0.9
and 1 cation per O;9(OH),, respectively (Drits et al.,
1997a; Sakharov et al., 1999; Lindgreen et al., 2000),
whereas contents of Na® and Ca®" in paragonite and
margarite interlayers were 1 cation per O;9o(OH),. The
thicknesses of illite, tobelite, paragonite, margarite and
pyrophyllite layers in I-T-S, P-S, P-M-S and Py-I-S were
equal to 9.98 A, 10.33 A, 9.65 A, 9.56 A and 9.18 A,
respectively (Bailey, 1984). For structural models of
glycolated I-S and I-T-S saturated by different cations,
the z coordinates and site occupancies for 2:1 layer and
interlayers of Moore and Reynolds (1989) and Ferrage et
al. (2005) were used, whereas the z coordinates and site
occupancies for paragonite, margarite and pyrophyllite
layers were used from their structural refinement results
(Lin and Bailey, 1984; Guggenheim and Bailey, 1978;
Lee and Guggenheim, 1981). Thicknesses of coherent
scattering domains (CSDs) were distributed log nor-
mally. The parameters of this distribution were deter-
mined using a mean thickness of CSD and the regression
given by Drits ef al. (1997c) with mean and maximum
thickness of CSDs as variable parameters.

Determination of the amount and distribution of fixed NH,

After K* saturation and dehydration of an I-S sample,
K" -saturated smectite layers should collapse to 9.98 A.
If mica-like interlayers in I-S mixed-layer minerals
contain some NHj in addition to K¥, then NHj can be
located in mica-like interlayers of I-S according to one
of two main patterns (Drits et al., 1997a). In model I,
mica-like interlayers contain either K™ or NHj, and in
model IT K™ and NH} are distributed homogeneously, i.e.
each mica-like interlayer contains equal proportions of
K* and NHj. The main diffraction difference between
these patterns is that basal reflections having the same /
have different full-width at half-height, FWHH (00/),
values (Drits et al., 1997a).

When each mica-like layer in a mixed-layer structure
contains either K™ or NHj, then in the K™ -saturated and
dehydrated specimens a certain value of the FWHH(005)/
FWHH(002) ratio corresponds to a given amount of NH}
per O,o(OH),. According to model II in a K'-saturated,
NHy-bearing I-S structure, the 9.98 A smectite layers are
interstratified with mica-like layers having a mixed
interlayer cation composition with identical contents of
NH; (Cnps) and K' (Cy) in each interlayer, the layer
thickness 7 = 9.98 Cx + 10.33 Cyp, and, in contrast to
structural model I, the values of FWHH(002) and
FWHH(005) are quite similar (Drits et al., 1997a).

However, in general the diffraction technique for
determination of the distribution of NHZ in NH,-bearing
illite and K*-saturated and dehydrated I-S should take into
account the influence on basal reflection profiles of mean
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thickness of CSD, N, and fluctuation of the thickness of
the K'-saturated smectite layers around a mean value of
9.98 A (Drits et al., 2005). Therefore the optimal means
of determining the K" and NH; distributions over mica-
like interlayers of NHy-bearing I-S includes two stages:
first, recording most precisely the positions and the
profiles of the basal reflections of the K'-saturated and
dehydrated I-S specimens; second, simulation of these
experimental data taking into account different possible
K" and NH;} distributions as well as the average amounts
of fixed NHz, and of expandable interlayers in the non-
treated I-S and other parameters which can modify the
basal reflections profiles and positions (Drits et al., 2005).

Determination of the average structural formulae for
mica-containing minerals

The mixed-layer fractions are mixtures of I-S with
kaolinite or chlorite. In order to determine the structural
formulae for I-S using the chemical composition of the
sample and the AI/Al values obtained by *’Al magic-
angle spinning nuclear magnetic resonance (MAS NMR)
spectroscopy, the following procedure can be used (Drits
et al., 2002a; Lindgreen et al., 2002). If the ratio of
kaolinite or chlorite (per O;o(OH)g) to I-S (per O,¢(OH),)
is (1—f)/f, where f'is the mole proportion of I-S, then the
average anion composition of the sample can be
OIO(OH)(S—G/)v pr = [4]A1/[6]A1 and CSiO: and CAIZO3 are
the concentrations of SiO, and Al,O; divided by the
molecular weights, a coefficent y can be calculated
according to the formula: y = 4(1-p)/[(1-p)Csio, +
2pCaio,]. For a given p, the values Csio, %Cao0,
XCwmgo, etc. correspond to the number of Si, Al, Mg, etc.
in the average formula of the sample, which is based on
four tetrahedral cations. The sum of the formal charges of
the cations in interlayers, tetrahedral and octahedral sites
should be equal to O;o(OH)s_¢s and thus the molar
content of kaolinite or chlorite, i.e. (1—f), in the mixture
can be calculated. Subtracting the molar amount of
kaolinite from the average formula leads to a structural
formula for the I-S. In the case of a mixture of chlorite
and I-S, the cation content of chlorite should be found by
the trial-and-error approach taking into account that the
sum of octahedral cations in the chlorite structure should
be equal to (n—2f)/(1—f), where n is the sum of the
octahedral cations in the average formula. The same
approach can be used if a sample contains, along with
kaolinite or chlorite, several mixed-layer phases consist-
ing of dioctahedral 2:1 layers separated by different
interlayers. In this case an average cation composition of
both 2:1 layers and interlayers corresponding to the
mixed-layer phases will be determined.

RESULTS

Whole-rock mineralogy

The qualitative composition of the whole-rock
samples (ground to <0.25 mm) reflects mudstone
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mineralogy. Quartz is generally the dominant non-clay
phase. K-feldspar and plagioclase are present in varying
proportions which depend on the sample location. In
particular, K-feldspar was the only feldspar in sample
1027.40 just near the intrusion (Table 1). A mixture of
K-feldspar and plagioclase is found in samples
1037.20—1038.15, but only plagioclase in sample
1063.31 and below. The following phyllosilicates were
identified from the powder XRD patterns: mica, mica-
smectite, and Fe-rich chlorite or berthierine for samples
1037.20—1038.15, 1063.31—-1097.23, and mica, mica-
smectite and kaolinite for sample 1140.51 and below.
The micas are probably detrital, especially in samples
1037.20—1038.15, because their XRD patterns, along
with the presence of rational series of sharp 001
reflections with dog> = 10.0 A, contain hkl reflections
indicating the 2M,; polytype modification of the micas.
Fe-rich chlorite or berthierine was identified by the
presence of sharp and intense 001 reflections with
spacings equal to 7.06 A and 3.53 A without traces of
odd reflections at 14.12 A, 4.7 A and 2.824 A.

} a1027.40
Mg-glycol

I
E
1

| 4
b
\'l‘

b 1037.50
Mg-glycol

0 10 20 30
°20

Drits et al.
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Simulation of the experimental XRD patterns

The XRD patterns of the studied samples will be
divided into four groups depending on distances from the
major intrusion (Table 2a,b).

The first group includes samples 1027.40—1038.15.
The common feature of the XRD patterns obtained for
the glycolated specimens is the presence of a super-
reflection at 26.4—27.5 A and series of 00/ reflections
corresponding to rectorite or rectorite-like phases. The
structural parameters providing the best agreement
between the experimental and calculated XRD patterns
from samples 1027.40—1038.15 are presented in
Table 2a and the XRD patterns are shown in Figure 1.
Each sample consists of four phases, two of which are
Fe-rich, random interstratified chlorite-serpentine
(Ch-Sr) with 5% of serpentine layers and illite contain-
ing 5—10% of expandable layers. Structural and prob-
ability parameters of two other phases are different for
different samples (Table 2a). The main phase of sample
1027.40 is I-S in which 68% of illite and 32% of
smectite layers are interstratified with short-range factor

60% I S
h 10.00 A 16.90 A
w 0.68 0.32
6%P+M S

h 9.65A 16.90 A
w 0.75 0.25

29%1, 5% Ch-Sr

49% P+M S \%
h 9.65A 17.1A 1294
w 0.50 0.45 0.05

18% P+M S
h 956A 17.1A
w075 0.25

27%1, 6% Ch-Sr

40 50 60

Figure 1. Experimental (solid) and simulated (shadowed) XRD patterns for Mg-saturated and glycolated samples. The scale above
10°26 has been increased by a factor of four in order to demonstrate discrepancies between experimental and calculated patterns:
(a) 1027.40; (b) 1037.50. Oriented specimens. Parameters of the models are shown, together with peak positions for the simulated

patterns. CoKa radiation.
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R =2, whereas in the other phase 75% of paragonite and
25% of expandable layers are randomly interstratified
(Table 2a). In samples 1037.20—1037.50, one of the
phases is represented by a pure rectorite in which 50% of
paragonite and 50% of expandable layers are regularly
interstratified, whereas in the other phase, margarite
layers are randomly interstratified (with expandable
layers in the ratio 0.65:0.35 for sample 1037.20, and
0.75:0.25 for samples 1037.21 and 1037.50, respec-
tively). A very peculiar phase composition is determined
for sample 1038.15 in which, along with illite, ordered
paragonite-bearing rectorite, and Ch-Sr, there is a
random mixed-layer phase consisting of 50% of

Mixed-layer mineral transformations by Tertiary intrusives, West Greenland
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pyrophyllite, 40% of paragonite and 10% of smectite
layers (Table 2a). Note that the expandable layers in
some of the phases described along with smectite
contain 5—10% of vermiculite layers having one layer
of glycol molecules in their interlayers (Table 2a). The
weighted portions of the coexistent phases in each
sample are given in Table 2a.

The second group is samples 1063.31—-1063.68
(Figure 2) occurring 36—37 m below the major intru-
sion. One of the main phases (Table 2a) is a mica
structure (I-T) having 65% illite and 30% tobelite layers
and only 5% expandable layers. In the next main phase
we find 40% of illite, 30% of tobelite and 30% of

Table 2a. Structural and probability parameters for the smectitic mixed-layer phases MLM I and II and the content of MLM 1
and II, I-T, Ch-Sr and illite determined for the samples from Umiivik by XRD.

Sample MLM Thickness of layers (%) and their R N MLM I-T Mllite  Ch-Sr
phase occurrence probabilities (w) % % % %
1027.40 I* h 10.00 16.90 2 12 60 — 29 5
w  0.68 0.32 mpdo
I h o 9.65 16.90 0 15 6
w  0.75 0.25
1037.20 I h 9.65 17.1 12.9 1 10 59 — 15 2
w050 0.40 0.10 mpdo
I h 956 173 0 12 24
w  0.65 0.35
1037.21 I ho9.65 17.1 12.9 1 10 57 - 20 5
w050 0.40 0.10 mpdo
I h 956 173 0 12 18
w075 0.25
1037.50 I h 9.65 17.1 12.9 1 10 49 — 27 6
w 0.0 0.45 0.05 mpdo
I h 956 17.1 0 12 18
w075 0.25
1037.77 I h o 9.65 17.1 12.9 1 10 46 — 14 4
w  0.50 0.40 0.10 mpdo
I h 956 173 0 12 36
w075 0.25
1038.15 I h 970 17.0 2 10 24 — 22 4
w050 0.50
I h 9.19 9.65 169 0 15 50
w050 0.40 0.10
1063.31 I h 956 17.20 12.90 1 12 20 38 — 4
w  0.60 0.30 0.10 mpdo
I h 998 1033 16.86 1290 0 15 38
w040 0.30 0.15 0.15
1063.42 I h 956 17.20  12.90 1 12 20 39 — 2
w  0.60 0.30 0.10 mpdo
I h 998 1033 16.86 1290 O 15 39
w040 0.30 0.15 0.15
1063.68 I h o 9.65 17.20 12.90 1 12 30 50 — 6
w  0.60 0.30 0.10 mpdo
I h 998 10.33 135 0 15 14
w040 0.30 0.30
hisin A

R is Reichweite, with mpdo being the maximum degree of possible ordering

N is mean number of layers of coherent scattering domains.
*: P(BB) = 0, P(ABB) = 0, P(BAB) = 0.55

" P(BB) = 0.2, P(ABB) = 0.07, P(BAB) = 0.80

A — illite layers; B — smectite layers
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38% 1 T S \4
h 9.98A 10334 16.86A 12.90 A
w 0.40 0.30 0.15 0.15
20% P+M S v
h 9.56A 17.20A 12.90 A
w 0.60 0.30 0.10

14% 1 T v
h 998A 10334 13.50A
w 0.40 0.30 0.30

30% P+M S \4
h 9.65A 17.20 A 12.90 A
w  0.60 0.30 0.10

Figure 2. Experimental (solid) and simulated (shadowed) XRD patterns for Mg-saturated and glycolated samples. The scale above
10°26 has been increased by a factor of four in order to demonstrate discrepancies between experimental and calculated patterns;
(a) 1063.31; (b) 1063.68. Oriented specimens. Parameters of the models are shown, together with peak positions for the simulated

patterns. CoKa radiation.

expandable layers are interstratified at random
(Table 2a). The last phase contains 60% of mica-like
(paragonite and probably margarite) layers and 40% of
expandable layers which are interstratified with a
maximum possible degree of order (MPDO) at R = 1
(Table 2a). As in the previous group, a significant part of
the expandable layers in the coexistent phases is
vermiculite. Note that the content of the phases having
structure with MPDO of R = 1 increases from sample
1063.31 to 1063.68. In addition, these samples contain a
small amount of Fe-rich Ch-Sr (Table 2a).

The third group includes samples 1093.40—1097.37
(Figure 3) which are positioned ~73 m below the major
intrusion. The main phase of these samples is I-T-V-S
with a strong tendency to ordering of the layer types,
because for all of them the occurrence probability for the
layer pairs II, SS and VV is zero (Table 2b). In different
samples this phase has slightly different proportions of
the interstratified layer types as well as different pij
values of i # j (i,j =1, T, S, V). The other rectorite-like
phase is identical to those in samples 1063.31—1063.68,
having the MPDO structures. In addition, samples

https://doi.org/10.1346/CCMN.2007.0550304 Published online by Cambridge University Press

1096.96 and 1097.23 contain 25 and 23%, respectively,
of an I-T phase having 13% of tobelite and 5% of
expandable layers (Table 2b).

The last group consists of samples 1158.91—-1194.93,
which, along with the Na-Ca-bearing paragonite-like
phase, contains [-T-S-V, illite with 5% of expandable
layers and kaolinite (Table 2b, Figure 3b). As in the
samples of the third group, the I-T-S has a tendency to
ordering in distribution of the layer types, because the
occurrence probabilities for the layer pairs TT, SS, VV
are zero. However, the conditional probability para-
meters pij with i # j (j, i=1, T, S, V) vary from sample
to sample (Table 2b).

The XRD 060 reflections

The XRD patterns have in the 060 reflection region at
1.501—-1.475 A two or three visually distinguished
maxima or one strong maximum with a complex profile,
showing that the main phases of the samples are
dioctahedral. To determine the 060 position and relative
‘weight’ of each of the coexistent phases, the profile of
the observed 060 maximum was decomposed for two or
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a1096.96
Mg-glycol 49% 1 T S v
h 998A 1033A 169A 14.00 A
|_ 25%|T, w 059 013 023 0.05
2% Ch-Sr
J 24%P+M S v
\ 4 h 9.65A 17.20A 12.90 A
L] % w0.60 030 0.0
: F_
i
l. L [:
L
1 A l g
; L 71
Yot H 3 [I Ti~
L} ? S P
e T 3 '!fyu. e Bl
T = T L T ¥ Lan = T ™ g
0 100 20 30 40 50 B0
o
20
b1166.16
Mg-glycol 65% 1 T S v
i h 9.98A 10.33A 17.00 A 14.00 A
w 0.5 015 021  0.05
§ 12% 1,
8% K 24% P+M S \%
h 9.65A 17.20A 12.90 A
w 0.60 030  0.10
o T iy o i T
e R e
0 30 40 50 B0

°20

Figure 3. Experimental (solid) and simulated (shadowed) XRD patterns for Mg-saturated and glycolated samples. The scale above
10°26 has been increased by a factor of four in order to demonstrate discrepancies between experimental and calculated patterns:
(a) 1096.96; (b) 1166.16. Oriented specimens. Parameters of the models are shown, together with peak positions for the simulated

patterns. CoKa radiation.

three individual maxima using the decomposition
technique described by Drits ef al. (1996). In particular,
the complex profiles of the 060 maxima observed for
samples 1037.21—1037.50 and 1038.15 were decom-
posed into three peaks with spacings equal to
1.472-1.478 A, 1.486—1.487 A, and 1.495-1.500 A,
respectively (Figures 4, 5). In accordance with the XRD
simulations, the positions of these peaks correspond to
mixed-layer minerals containing margarite-like, para-
gonite-like and illite-like layers, which have b parameter
values equal to 8.87 A, 893 A and 8.98 A, respectively.
The relative areas of the peaks show that in samples
1037.20—1037.50 the P-S phase prevails and the M-S
and I have similar but low concentrations. The 060
maxima of the other studied sample were decomposed
into two peaks in accordance with their profiles
(Figures 4—6). The normalized area for each of the
coexistent phases in the samples is given in Table 3.

It is important to emphasize that for most samples,
each of the 060 areas with a given dygo value is close to
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the relative contents of the phases having similar dygo
determined by the XRD simulations (Tables 2a, 2b, 3).

Note that the 060 reflection regions of all studied
samples contain a weak maximum at 1.542 A corre-
sponding to quartz. In addition, for samples
1037.20—1038.15 and 1063.31-1096.96 this region
contains a weak 060 reflection of a trioctahedral chlorite
with d = 1.552—1.554 A.

Determination of the average content and distribution
of fixed NH,

For each K'-saturated sample, simulation of the 002
and 005 reflection profiles and positions is carried out
using a fixed content for the K-smectite layers equal to
the amount of expandable layers in NH4-bearing I-S of
the samples determined by simulation of the experi-
mental XRD patterns (Tables 2a, 2b). It is assumed that
in the actual structure of K -saturated I-S, the thickness
of the K-containing smectite layers may fluctuate around
the mean 9.98 A value as (9.98+¢) A where ¢ is a normal
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Figure 4. Experimental and decomposed XRD 060 profile:
(a) sample 1027.40; (b) sample 1037.21; and (c) sample
1037.50. Randomly oriented specimens. Decomposed peak
positions are shown. CoKo radiation.

Gaussian, then the layer thickness fluctuations can be
described by the value of the standard deviation A of this
function (Drits and Tchoubar, 1990). The amount of
tobelite layers, mean number of layers in CSD and A
values for the K-smectite layers providing the best
possible agreement between the experimental and
calculated 002 and 005 reflections are given in
Table 4, whereas Figure 7 illustrates the quality of this
agreement obtained for different samples. One has to
note that the simulation of the basal reflections was
carried out taking into account the presence of the
rectorite mixed-layer phase determined by simulation of
the XRD patterns.

Three groups differing in the content of fixed NH; or
tobelite layers can be distinguished. The first one
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a
1038.15
w5 72 725 73 735 T4 745 75 75.5 5
°20
b
1096.96

°20
Figure 5. Experimental and decomposed XRD 060 profile:
(a) sample 1038.15; and (b) sample 1096.96. Randomly
oriented specimens. Decomposed peak positions are shown.
CoKa radiation.

includes samples 1027.40—1038.15, which are
NH;-free (confirmed by the IR spectra decomposition).
They are positioned just below the major intrusion. The
second group consists of samples 1063.31—-1063.68 in
which the I-T-S phases have the largest content of fixed
NH3, up to 0.30 cations per O,o(OH),. Finally, in the last
group of samples, sample 1093.40 and below, the
amount of fixed NHj in the I-T-S ranges from 0.10 to
0.17 cations per formula. These NH; values are in
agreement with those obtained by the simulation. The
values of A determined from the simulation (0.2—0.3 A)
are typical of those usually used for simulation of the
experimental XRD patterns from I-S (Drits et al., 1996;
Ferrage et al., 2004).

Dehydroxylation patterns from thermal analysis

Evolved water curves are, for most samples, domi-
nated by a large dehydroxylation peak at ~500°C,
showing that the I-S phases are frans-vacant. However,
for sample 1038.15, an additional intense peak is present
at 600—700°C and according to Mackenzie (1970) this
peak may be attributed to pyrophyllite, conforming to
the XRD results showing the presence of 50% pyro-
phyllite layers in the Py-I-S phase of this sample.

Deconvolution of *°Si MAS NMR spectra

Solid-state magic-angle spinning (MAS) *°Si NMR
spectroscopy has proven an extremely valuable tool in
supporting and further evaluating the layer compositions

determined from analysis of the XRD powder patterns.
This is illustrated by the *°Si MAS NMR spectra of the
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Figure 6. Experimental and decomposed XRD 060 profile:
(a) sample 1063.31; (b) sample 1063.68; and (c) sample
1166.16. Randomly oriented specimens. Decomposed peak
positions are shown. CoKo radiation.

samples 1027.40, 1037.21, 1038.15 and 1158.91 shown in
Figure 8, i.e. for some of the samples and their
compositions summarized in Table 2a. The spectra show
distinct features and a gradual change in the intensities for
the partly-resolved resonances in each spectrum with
increasing depth of the samples from the major intrusion.
The five different 2°Si chemical shifts employed for the
spectra deconvolutions are quite similar to the extremely
well-resolved resonances observed earlier for the smec-
tite, paragonite and margarite layers in rectorites
(Jakobsen et al., 1995). For the samples studied, the
following five 2°Si chemical shifts were used to
characterize the local environments around Si; for
smectite, pyrophyllite and kaolinite: Si(0Al) ~ —92.5;
for illite: Si(0Al) ~ —88.5 ppm, for illite and paragonite:
Si(1Al) ~ —85.5, Si(2Al) ~ —82 ppm, and for margar-
ite: Si(3Al) ~ —77 ppm. In the deconvolution of the
experimental spectra (Table 5, Figure 8), the °Si chemi-
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Als=0 N= 11
21% Rectorite
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Figure 7. Experimental (solid) and simulated (shadowed) XRD
002 and 005 profiles: (a) 002 for sample 1063.31; (b) 005 for
sample 1063.31; (c) 002 for sample 1096.78; (d) 005 for sample
1096.78. Oriented specimens, K-saturated and heated to 150°C.
Parameters of the model are shown. CoKa radiation.

cal shifts for the five resonances were kept constant to
within £0.5 ppm of these values along with their line-
widths for all samples, while only the intensities for the
five resonances were optimized in the final fitting of the
spectra. As illustrative examples, the deconvolutions of
the 2°Si MAS NMR spectra in Figure 8 are shown in the
column to the right of the experimental spectra. The
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Table 3. Proportions of the illite-, paragonite- and margarite-bearing phases in the samples from Umiivik determined by
decomposition of the 060 reflection and modeling of the XRD patterns.

Decomposition of the 060 reflections

Phase composition from modeling of
the XRD patterns**

I+ IS P-S P-S + kaol. M-S I+ P-S I-S, M-S
Sample d060 1% d050 1% d060 1% do(,o 1% 1-S kaol.
1027.40 1.497 86.9 1.482 13.1 94 6
1037.20 1.498 14.4 1.486  69.7 1.472 15.9 15 60 25
1037.21 1.495 22.1 1.486 60.6 1.477 17.3 21 60 19
1037.50 1.500 12.7 1.487  68.8 1.478 18.5 29 52 19
1038.15 1.498 21.8 1.489 57.9% 1.480 20.3 23 52 25
1063.31 1.502 73.1 1.488  26.9 79 21
1063.42 1.501 66.8 1.485 332 80 20
1063.68 1.496 82.4 1.483 17.6 68 32
1093.64 1.497 78.5 1.484 215 79 21
1096.78 1.497 73.2 1.485 26.8 80 20
1096.96 1.498 73.6 1485 264 76 24
1097.23 1.498 71.4 1.487 29.6 69 31
1140.51 1.499 59.7 1.488 40.3
1158.91 1.500 64.3 1.488 35.7 65 35
1166.16 1.500 66.6 1.488 33.4 68 28
1180.36 1.500 69.1 1.487 30.9
1194.93 1.500 72.4 1.486 27.6

* including Py-P-S
** contents of the I-, P- and M-bearing phases determined by modeling of the XRD patterns are normalized to 100%
d values are in A.

results of the deconvolutions for the spectra in Figure 8
are summarized in Table 5.

Mbossbauer spectra decomposition

All spectra were fitted with two Fe** and one Fe*"
doublets. As Mdssbauer parameters, such as quadrupole

splittings, A Fe*" and A Fe?", and isomer shifts for Fe*"
and Fe**, are similar for the studied samples, the spectra
are grouped into two series depending on the Fe*/Fe*"
ratio (Table 6). The first series, including samples
1027.40—1097.23, is characterized by a range of
0.59—1.17 for the Fe*'/Fe® ratio, whilst the second

Table 4. 9.98 A smectite, Ws, 9.98 A illite, W}, and 10.33 A tobelite content, Wr, layers in I-T-S determined by
simulation of profiles and positions of the experimental 002 and 005 reflections.

Sample Thickness of layers (/) and their N I-T-S I-T-S Rectorite AS
content (w) in I-T-S (002) (%) (005) (%) (%) (A)
1063.31 h 9.98(I) 10.33(T)  9.98(S) 10.0 75 79 23 0
w 0.53 0.30 0.17
1063.42 h 9.98(I) 10.33(T)  9.98(S) 10.0 90 90 10 0.2
w 0.63 0.24 0.13
1063.68 h 9.98(I) 10.33(T)  9.98(S) 9.0 75 72 26 0
w 0.57 0.25 0.18
1093.64 h 9.98(I) 10.33(T) 9.98(S) 11.0 86 86 14 0.3
w 0.62 0.13 0.25
1096.78 h 9.98(I) 10.33(T) 9.98(S) 9.5 83 83 17 0.3
w 0.57 0.13 0.30
1096.96 h 9.98(I) 10.33(T) 9.98(S) 10.0 75 75 25 0.3
w 0.59 0.13 0.28
1158.91 h 9.98(I) 10.33(T)  9.98(S) 7.0 86 86 14 0.3
w 0.60 0.16 0.24
1166.16 h 9.98(I) 10.33(T)  9.98(S) 7.0 90 90 10 0.3
w 0.59 0.15 0.26
1194.93 h 9.98(I) 10.33(T)  9.98(S) 7.0 100 100 0 0.3
w 0.57 0.13 0.30
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PpPmM

Figure 8. Experimental and deconvoluted 2°Si MAS NMR
spectra of the samples: (a) 1027.40; (b) 1037.21; (c) 1037.77,
(d) 1038.15; and (e) 1158.91. The experimental spectra are
displayed in the column of spectra to the left and the
corresponding deconvoluted spectra in the column to the right.
The optimized data resulting from the deconvolution and
corresponding to the simulated spectra in the right hand column
are summarized in Table 5.

series including samples 1140.51—1194.93 is character-
ized by a range of 2.7—8.85 for Fe**/Fe?. Figure 9 shows
the examples of fitted Mdssbauer spectra for both series.
The grouping of spectra (Table 6) correlates with XRD
data indicating chlorite and I-S in the Fe*'-rich and
kaolinite and I-S in the Fe**-rich series.

Drits et al.

Clays and Clay Minerals

.| a1063.68

mm/s
o e Ao P
b 1194.93
02
0.4
06
0.8
1
1.2
-4 -3 s wy (4] 1 2 3 4
mm/'s

Figure 9. °"Fe Mossbauer spectra for: (a) sample 1063.68; and
(b) sample 1194.93. Experimental spectra (thick line) and
Lorentzian-fitted quadrupole components (thin lines). Room
temperature.

IR spectra decomposition

Because of the complex phase composition of the
studied samples, analysis of the decomposed IR spectra
was carried out at qualitative level. The main aim was to
obtain direct evidence that NH} cations are incorporated
into I-S structures. For the IR spectra of samples 1063.31
and 1037.21, decomposition in the region of the OH,
H,O and NH,4 vibrations are shown in Figure 10. Along
with bands at 3200 and 3425 cm™' corresponding to
molecular water vibration, the spectrum of sample
1063.31 contains a pronounced band at 3316 cm ',
which is typical for the stretching vibration of the fixed
NH} cation. Similar analysis of the decomposed spectra
has shown that all of them except samples

Table 5. NMR integrated relative intensities (area, %) of the five different 2°Si resonances used in and resulting from
deconvolution of the 2°Si MAS NMR spectra for the samples 1027.40, 1037.21, 1037.77, 1038.15 and 1158.91.

S+Py (MA+P)+ T (S+Py)/((M+P)+])
Sample Si(0Al) Si(0Al) Si(1Al) Si(2Al) Si(3Al) Total
—92.5 ppm —88.5 ppm —85.5 ppm —82.0 ppm —77.0 ppm

1027.40 333 11.6 46.3 7.0 2.3 67.2 0.50
1037.21 473 13.8 17.5 16.8 4.8 52.9 0.89
1037.77 452 13.7 27.2 8.4 5.5 54.8 0.82
1038.15 45.7 13.7 19.1 16.8 4.7 54.3 0.84
1158.91 58.8" 10.0 20.0 9.2 2.1 41.3 1.42

! Includes Si in kaolinite (1158.91 contains 18 wt.% kaolinite).
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Table 6. Mdssbauer parameters for the samples from Umiivik.

Sample series Fe'T Fe**' Fe*'/Fe*"
Aipner, mm/s Aguter, mm/s A, mm/s

Fe?"-rich™ 0.62—0.69 1.08—1.23 2.58-2.60 0.59—1.17

Fe** —rich™'" 0.58—0.64 0.99—1.10 2.60—2.70 2.70—8.85

T Isomer shifts for inner and outer Fe*>" doublets of 0.36—0.38 mm/s and for Fe*" doublets of 1.12—1.14 mm/s

are vs. o-Fe.

Ti The Fe*'-rich series includes samples 1027.40—1097.23.
1" The Fe*'-rich series includes samples 1140.51—1194.93.

1027.40—1038.15 contain a significant amount of fixed
NH;. Sample 1037.21 is NH; free, because its spectrum
does not contain even a trace of the band at
3300—3316 cm™"' responsible for the stretching vibra-
tion of NHj. Assignment of the OH-stretching bands in
the IR spectra shown in Figure 10 was made in
accordance with the model for interpretation of the
OH-stretching region of IR spectra of dioctahedral micas
(Besson and Drits, 1997) and I-S (Zviagina et al., 2004).

Structural formulae of the mixed-layer phases

The quartz content is so small that it does not
significantly influence the calculation of structural

formulae although for some samples 1.1—1.4% of SiO,
was subtracted from the total content of SiO, (Table 8a).
In addition, 0.2—2.7% CaO related to calcite was also
subtracted.

Following the procedure described above, at first,
average formulae for the samples were calculated
(Tables 7a, 8a). For kaolinite-containing samples, these
formulae allow us to determine the mole % of kaolinite
for each sample (Table 7a). Subtraction of this amount
from the average formula of the sample leads to the
average structural formula of the coexistent mixed-layer
phases (Table 7b). For chlorite-containing samples, the
formulae allow us to determine the mole % of chlorite

3683

3671

3500 3300 3200

3650
0.03
3628

0.04

3800 3700 3600

cm’’'
b

1 1037.21
002 F
004 b 3600
006

36870

cm”

3500 3400

Figure 10. IR spectra, showing the decomposed OH-stretching region for: (a) sample 1063.31 and (b) sample 1037.21.
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Table 7a. Total formulae for kaolinite-bearing samples from Umiivik.

Sample Si Al(tet) Al(oct) Fe**  Fe** Mg Ca Na K NHy; Sum Sum Mol. W. fr.
oct OH fr. kin kIn
1140.51' 344  0.56 1.74 032 0.05 019 0.18 0.14 020 0.1 230 290 0.150 0.187
1158.91>  3.50  0.50 1.88 0.14 0.05 022 0.17 0.08 023 013 229 287 0.145 0.184
1164.36> 3.49  0.51 1.87 0.15 0.05 023 0.17 0.08 024 013 230 289 0.149 0.188
1166.16* 3.48  0.52 1.85 0.19 0.05 0.17 0.15 0.06 023 0.14 226 2.78 0.130 0.165
1180.36° 3.48  0.52 1.96 0.14  0.01 0.17  0.11 0.05 024 019 228 2.84 0.141 0.180
1194.93° 352 0.48 1.89 0.12  0.02 026 017 0.04 024 013 229 287 0.145 0.185

10.712% CaO subtracted; 2 0.798% CaO subtracted; > 0.961 CaO subtracted; * 1.123% CaO subtracted; > 1.931% CaO and
6.459% Fe oxides subtracted; ® 0.913% CaO and 5.664% Fe oxides subtracted

Table 7b. I-S formulae for kaolinite-bearing samples from Umiivik.

Sample Si Al(tet) Al(oct) Fe** Fe?* Mg Ca Na K NH, Sum Sum
oct. OH
1140.51 3.34 0.66 1.35 0.37 0.06 0.22 0.21 0.17 0.23 0.12 2 2
1158.91 3.42 0.58 1.52 0.16 0.06 0.26 0.20 0.09 0.27 0.15 2 2
1164.36 3.40 0.60 1.50 0.17 0.06 0.27 0.20 0.09 0.28 0.15 2 2
1166.16 3.40 0.60 1.53 0.22 0.06 0.19 0.17 0.07 0.27 0.16 2 2
1180.36 3.39 0.61 1.63 0.16 0.02 0.19 0.13 0.06 0.28 0.22 2 2
1194.93 3.44 0.56 1.53 0.14 0.02 0.31 0.20 0.05 0.28 0.15 2 2

for each sample (Table 8a). It is assumed that the total
sum of octahedral cations is equal to 6 atoms per
019(OH)g, composition of tetrahedral sheets is Si 9Al; 1,
and that all Fe®" in the average formulae of the samples
is due to chlorite. Because the total amount of chlorite in
most of the samples consists of 3—4 mole %, the
uncertainties related to the actual content of [JAI or
6JFe** are almost negligible. Note that the ratios of
octahedral to tetrahedral cations as well as of Fe*" to
Fe?" octahedral cations in the formulae of the kaolinite-
and chlorite-bearing samples are equal to the (JAI/I®IAL
and Fe’'/Fe*" values determined from the 2’Al MAS
NMR and Mdossbauer spectra of the corresponding
samples.

The structural formulae (Tables 7b, 8b) can be
grouped based on different cation compositions of the
octahedra and tetrahedra of the 2:1 layers and of the
interlayers.

The first group (Table 8b) includes NHj-free samples
having the greatest content of tetrahedral and octahedral
Al, 0.67—0.83 and 1.87—1.95 atoms per O;o(OH),,
respectively. Na* prevails among interlayer cations in
the structural formulae for samples 1037.21, 1037.50
and 1037.77, whereas in the structural formulae of
sample 1027.40, the contents of K" and Na' are
comparable. These data are consistent with the phase
composition of the samples (Table 2a).

The structural formulae of the second group (samples
1093.40—1097.23) (Table 8b) have similar octahedral
cation compositions to that in the first group, but differ
from it by the smaller content of tetrahedral Al
(0.66—0.71 atoms per O;9(OH),). Among interlayer
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cations the amounts of K' are almost the same for
each sample and equal to 0.28—0.32 atoms per formula.
In addition, these formulae contain 0.11-0.17 fixed
NHa.

The structural formulae of the third group (samples
1063.31—1063.68) (Table 8b) have quite similar sub-
stitution of Al for Si and almost the same amount of
interlayer K as those for the second group, but, in
contrast, the octahedral cations include a noticeable
amount of Fe*', Fe?" and Mg”*, and interlayer-fixed
NH} cations increase up to 0.24—0.27 cations per
010(OH)s.

Finally, the structural formulae of the last group
(samples 1140.51—-1194.93) (Table 7b) have the smal-
lest degree of substitution of Al for Si (0.56—0.66), the
greatest octahedral Fe’" and Mg®" content and, in
contrast to the second and third groups, contain a
slightly smaller amount of K" (0.23—0.28). The fixed
NHj content in this group is similar to that in the second

group.

Isotopic K/Ar apparent ages

Three groups of the studied samples having signifi-
cantly different calculated K/Ar apparent ages can be
distinguished (Table 9, Figure 11). The earliest age
(226—135 Ma) corresponds to the samples
1140.51-1194.93 from the mudstone located 115 m
below the main 80 m thick intrusion. The K/Ar age of
the samples located near the 3 m thick intrusion
increases from 48 Ma adjacent to the intrusion (sample
1093.64) to 76 Ma 0.30 m from the intrusion (sample
1096.85). With increasing distance from the 0.5 m
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Table 8a. Total formulae for chlorite-bearing samples from Umiivik.
Sample Si  Al(tet) Al(oct) Fe**  Fe?' Mg Ca Na K NHy Sum Sum Mol. W. fr.
oct OH fr. chl chl
1027.40 325 0.75 1.89 0.03 006 006 O 046 035 0 2.04 205 0.009 0.014
1037.21* 3.17 0.83 1.92 0.04 006 0.06 0.07 059 010 0 2.08 212 0.02 0.033
1037.50 3.18 0.82 1.86 0.07 007 0.04 0.07 059 014 0 2.05 207 0.012 0.019
1038.15 332  0.68 1.9 0.08 006 0.04 005 037 014 0 2.08 2.12 0.021 0.034
1063.31' 329 0.71 1.64 0.10 008 024 0.14 008 032 027 206 2.09 0.015 0.025
1063.42°  3.31 0.69 1.68 0.08 0.07 0.21 0.14 006 034 024 204 2.05 0.009 0.015
1063.68° 327  0.73 1.73 0.14 0.15 029 0.07 006 026 025 231 2.46 0.077 0.120
1093.40% 327 0.73 1.91 0.06 007 0.14 0.04 0.10 0.31 0.16 2.19 229 0.048 0.077
1093.64° 328 0.72 1.90 0.06 006 010 0.06 0.16 030 0.12 212 2.18 0.030 0.049
1096.78* 328  0.72 1.85 0.05 0.08 0.18 0.07 0.17 029 0.13 216 224 0.040 0.064
1096.85° 328 0.78 1.90 0.05 005 0.09 0.07 014 029 0.14 210 2.14 0.024 0.039
1096.96° 329  0.71 1.86 0.05 0.05 0.11 0.10 0.15 030 0.12 207 211 0.018 0.030
1097.237 333 0.67 1.80 0.04 004 0.18 0.10 022 027 0.11 2.06 2.09 0.015 0.024

* 1% SiO, subtracted; ' 0.185% CaO subtracted; 2 0.274% CaO subtracted; * 2.756% CaO and 0.258% Na,O subtracted;
42.169% CaO subtracted; > 1.758% CaO and 1.14% SiO, subtracted; ©1.392% CaO and 1.41% SiO, subtracted;
71.534% Ca0, 0.796 Na,O and 0.375% SiO, subtracted; ° 2.54% CaO and 0.43 Na,O subtracted; ° 1.793% CaO subtracted

chlorite formula: (Si;0Al; 1)(AlgssFegssFelsMgs )016(OH)s

Table 8b. I-S formulae for chlorite-bearing samples from Umiivik.

Sample Si Al(tet)  Al(oct)  Fe** Fe?* Mg Ca Na K NH, Sum Sum
oct OH
1027.40 3.25 0.75 1.9 0.02 0.04 0.04 0 0.47 0.35 0 2 2
1037.21 3.17 0.83 1.95 0.03 0.03 0 0.08 0.6 0.10 0 2.01 2
1037.50 3.18 0.82 1.87 0.07 0.05 0.01 0.07 0.6 0.14 0 2 2
1038.15 3.33 0.67 1.92 0.07 0.03 0 0.05 0.38 0.14 0 2.02 2
1063.31 3.30 0.70 1.66 0.09 0.05 0.20 0.14 0.08 0.32 0.27 2 2
1063.42 3.31 0.69 1.69 0.07 0.06 0.18 0.14 0.06 0.34 0.24 2 2
1063.68 3.30 0.70 1.83 0.10 0.02 0.05 0.07 0.07 0.28 0.27 2 2
1093.40 3.29 0.71 1.98 0.04 0 0 0.05 0.10 0.32 0.17 2 2
1093.64 3.29 0.71 1.94 0.05 0.01 0.01 0.06 0.16 0.31 0.12 2 2
1096.78 3.30 0.70 1.91 0.03 0 0.06 0.07 0.18 0.31 0.14 2 2
1096.85 3.29 0.71 1.93 0.04 0.01 0.02 0.08 0.15 0.29 0.14 2 2
1096.96 3.30 0.70 1.88 0.04 0.02 0.06 0.10 0.15 0.30 0.12 2 2
1097.23 3.34 0.66 1.82 0.03 0.02 0.13 0.10 0.22 0.28 0.11 2 2

intrusion, from 0.03 m to 0.25 m, the K/Ar age increases
from 87.2 Ma (sample 1063.31) to 118 Ma (sample
1063.68). The sample 1027.40 taken 0.47 m below the
main intrusion has a K/Ar age of 51.4 Ma, i.e. close to
the samples adjacent to the 3 m thick intrusion.

Oxygen isotopes

Given the complex geological history and varied
mineralogical makeup of the clay samples, the oxygen
isotope data presented in Table 9 are surprisingly
coherent and therefore are rather uninformative, with
mean and standard deviation of 9.94+0.6%. (n = 14).

DISCUSSION

Structural modeling

The conventional approach of using peak position to
interpret the mixed-layer structures is of limited use. By
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this approach it is difficult to determine structural and
probability parameters for each phase in multiphase
samples especially if the phases contain, along with
expandable layers, paragonite, margarite and pyrophyllite
layers. In contrast, simulation of the experimental XRD
patterns is one of the best ways to obtain satisfactory
agreement between positions, intensities and profiles of
basal reflections in calculated and experimental XRD
patterns in order to reveal the coexistence in the same
sample of several mixed-layer phases, each of which
consists of three or four types of layers having different
thicknesses, cation composition, content and distribution.
A significant advantage of the XRD pattern modeling is
that it provides quantitative (or at least semi-quantitative)
phase analysis of the samples containing periodic and
interstratified clay minerals (Table 2a, 2b).

It is remarkable that the ratios of the weight
concentrations of phases containing I-S + I, P-S +
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Table 9. Isotope data for the Umiivik mixed-layer samples.

Sample K,0 Age 3'%0
(wt.%) (Ma) (%o V-SMOW)

1027.40 2.79% 514

1063.31 3.032+0.008 87.2+0.07 9.6
1063.42 3.267+0.059 90.1+1.8 9.4
1063.68 2.352+0.040 118.04£2.2 9.4
1093.64 2.991 47.8+0.04 9.7
1096.78 2.778+0.008 51.7+0.4 9.3
1096.85 1.89440.113 76.3+£5.4 9.7
1096.96 2.7434+0.025 60.6+0.7 9.8
1097.23 2.393+0.106 76.6£3.5 10.4
1140.51 1.306+0.048 226.6+8.6 10.2
1158.91 1.937+0.113 170.9+10.2 11.0
1164.36 2.02040.136 161.1+11.1 11.2
1166.16 2.12740.105 153.247.8 10.0
1180.36 2.162+0.070 135.244.5 9.9
1194.93 1.999+0.088 164.0+74 9.2

* insufficient material for duplicate

kaolinite and M-S determined by modeling of the XRD
patterns are very close to those of corresponding
intensities of the individual 060 reflections having
different dogo values (Tables 2a, 2b, 3). This result
allows us to demonstrate, first, that the sample phase
compositions include mixed-layer minerals in which
expandable layers coexist not only with illite and
tobelite, but also with paragonite, margarite and
pyrophyllite layers and, second, that two independent
techniques determine almost the same proportions of
phases having the same b parameters of the unit-cells.
The structural, chemical and probability parameters
determined for the phases constituting the samples are
reliable, because the data obtained by different spectro-
scopic techniques agree with the structural models. For
example, combination of data obtained by XRD, NMR,
Mossbauer spectroscopy and chemical analysis allows us
to calculate the average chemical formulae of the
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Figure 11. K-Ar data for the Umiivik well samples.
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sample, to determine amounts of kaolinite and chlorite,
and to obtain average structural formulae for the mixed-
layer phases consisting of the 2:1 layers and mica-like
and expandable interlayers (Tables 7a, 7b, 8a, 8b). In
particular, it becomes possible to distinguish cation
compositions of I-T-S-V from samples taken at different
distance from major intrusions (Table 1), to reveal
additional evidence for the presence of margarite +
paragonite and pyrophyllite layers in the mixed-layer
phases, efc.

Layer composition from correlation between solid-state
?’Si MAS NMR and XRD

In the XRD patterns, the presence of layers having
thicknesses of <9.7 A demonstrates the presence of
paragonite and/or margarite, but possibly also pyrophyl-
lite. Support for the presence of pyrophyllite layers in
sample 1038.15 comes from the significantly smaller
1Al content in the structural formula compared to the
[JAL content in the mixed-layer minerals of samples
1037.21 and 1037.50 (0.67 vs. 0.82 atoms per O;o(OH),,
Table 8b). Deconvolution of the 2°Si MAS NMR
spectrum of sample 1038.15 (Figure 8d, Table 5)
shows that the resonance of greatest intensity is that at
92.5 ppm corresponding to Si(0Al), i.e. Si having three
nearest Si neighbors. It is obvious that this maximum
must be assigned to pyrophyllite as well as smectite,
because the total amount of expandable layers in sample
1038.15 is <50%. The remarkable feature of the
decomposed spectrum is that it identifies local cation
environments around Si such as 3Al (Si(3Al)), 2AI1Si
(Si(2Al1)), 1AI12Si (Si(1Al)) and 3Si (Si(0Al)). The
Si(3Al) environment corresponds to margarite, the
Si(2Al) to paragonite and the Si(1Al) comprises two
resonances reflecting the presence not only of para-
gonite, but also of illite layers. These results are in
complete agreement with the phase composition of
sample 1038.15 determined by simulation of its XRD
patterns (Table 2a) as well as with the average structural
formula of this sample (Table 8a). Indeed, the averaged
tetrahedral cation composition per O;o(OH), for the
sample is Sis 3,Alg¢s (Table 8a). According to the 2°Si
MAS NMR results, 46% smectite plus pyrophyllite do
not contain tetrahedral JAL. This means that 46% of the
tetrahedral composition, i.e. 1.84 Si cations, should be
subtracted from the averaged composition. Therefore,
the mica-like tetrahedra should contain Si, 74Al; 26 per
019(OH); in accordance with the large amount of 9.65 A
and 9.70 A layers, both due to paragonite and margarite.

Extension of contact metamorphism

Vitrinite reflectance values close to the large 80 m
thick intrusion at 1027.40 m are ~4%R, and decrease to
~2%R, at the bottom of the core. Through the core, the
vitrinite reflectance values seem to be controlled by the
position of the major intrusions (Dam ef al., 1998). The
thermometamorphic influence of igneous intrusives on
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clay mineral and organic matter alterations depends
primarily on the thickness of the intrusive body, and has
been found to be two to three times this thickness
(Hagelskamp, 1988; Rowsell and De Swardt, 1976;
Dennis et al., 1982). Based on these results, for the
Umiivik 1 aureole the thermal influence of the major
80 m thick intrusive body probably span to 160—240 m.
However, clay minerals react less readily to short-lived
temperature increases than does organic matter (Srodon,
1979; Aoyagi and Asakawa, 1984; Smart and Clayton,
1985).

The parent material of the mudstone is Precambrian
gneiss kaolinized during the Cretaceous and sedimented
by turbiditic flows (Pulvertaft, 1979). The K/Ar apparent
ages determined for the samples 1158.91—-1194.93 from
the bottom of the core correspond to Jurassic time, i.e.
the Precambrian parent material has to some extent been
modified during the Tertiary contact metamorphism,
probably by the 80 m thick intrusion, because of the
regular decrease in R, with distance from the intrusion.
Eocene lavas have been found on Svartenhuk peninsula,
and early Eocene volcanic activity took place in the
region (Storey et al., 1998). The K/Ar age (51.4 Ma) of
sample 1027.40 0.47 m below the main 80 m thick
intrusion at 1027 m and of samples adjacent to the 3 m
thick intrusion at 1095 m (48 Ma) (Table 9) shows that
the intrusions probably formed during early Eocene
time, corresponding to the early Eocene activity in the
region (Storey et al., 1998). Although the K/Ar age
(78 Ma) of shale I-S adjacent to the thin 0.5 m intrusion
is still older than the main Palacocene event (62 Ma), it
is possible that this thin intrusion also formed during
early Eocene time, and that the older ages may be
attributed to a relatively small thermal influence of the
thin intrusion on the transformation of the I-S.

Origin of the mineralogical association in Umiivik 1

The application of several techniques to study each
sample makes it possible to reveal new mineralogical
associations, to determine structural and crystal chemi-
cal features of each member of these associations and to
suggest some conclusions concerning their origin. The
core can be divided into zones determined by the
composition of the layer silicates.

Zones I—III. Samples 1027.40 (zone I) at 0.47 m and
samples 1037.20—1037.77 (zone 1I) and 1038.15 (zone
III) at 10—11.5 m from the major intrusion were
obviously subjected to strong thermal interaction. As a
result, complex authigenic mineralogical associations
reflecting the high temperatures and variable cation
composition of pore fluids were formed. It is remarkable
that the phase composition of these associations changes
rather abruptly, and three mineral zones depending on
the distances from the intrusion were identified. In
zone I located just below the bottom of the intrusion, the
main phase is represented by I-S consisting of 68% illite
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layers and having MPDO structure at R = 2 (sample
1027.40, Table 2a). In contrast, in zone II located at
10—-10.5 m from the intrusion (samples
1037.20—1037.77), the main phase is rectorite in
which the mica-like layers are paragonitic. Very peculiar
mineral associations were determined in zone III at
11.5 m from the intrusion (sample 1038.15). Along with
rectorite, detrital illite and Fe-rich chlorite, this sample
contains a mixed-layer phase in which 50% pyrophyllite,
40% paragonite and 10% smectite layers are interstra-
tified at random (Tables 2a). This vertical zonation may
be related to the phase compositions of the rocks. In
particular, the whole rock at 0.47 m (sample 1027.40)
contains only K-feldspar, whereas in samples
1037.20—1038.15, plagioclase prevails. As the mud-
stones are turbiditic, the changes in type of feldspar are
probably due to changes in source material. Thus, the
presence of K-feldspars probably reflects higher degrees
of weathering compared to the presence of plagioclase.
Accordingly, the decrease in K-feldspar and increase in
plagioclase from the major intrusive to the bottom of the
core, and also from 1027.40 to 1037.20—1038.15,
probably reflects a decrease in weathering of the source
material. In mudrocks, permeability is rather low and
therefore the chemistry of the pore water is controlled to
a high degree by the chemistry of the solid phases
present, which depends to large extent on the composi-
tion of the original detrital assemblage. The feldspars
with different types of cations are probably readily
available sources of K¥, Na™ and Ca®" for the reactions.
Under these conditions, the formation of K-bearing mica
layers in I-S of sample 1027.40 may be because the rock
contains only K-feldspar and detrital 2M, illite. High
temperatures can be considered as the main factor
determining the formation of particular phases.
Therefore, when the pore water contains equal amounts
of K, Na* and Ca®" due to dissolution of K- and Na-
feldspars and illites, competition or ion selectivity of
their incorporation in the silicate structure may be
determined by temperature. The higher the temperature,
the higher the probability for Na' and Ca®' in
comparison with K" to be trapped into the structure.
Furthermore, Na® and Ca?" ions in hydrothermal
experiments resulted in the formation of rectorite, and
K" ions resulted in the formation of ordered I-S having
<35% expandable layers (Eberl and Hower, 1977; Eberl,
1978). Probably for this reason, samples of zone II
contain rectorite and a random mixed-layer phase, in
which the mica layers are represented by only paragonite
and margarite.

In zone III, the presence of paragonite-margarite-
bearing rectorite together with a random mixed-layer
pyrophyllite-paragonite-smectite is probably due to
lower temperatures of formation.

Zones 1V—V. The samples of these zones are located near
the 0.5 m (samples 1063.31—1063.68) and 3 m (samples
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1093.40—1097.23) intrusives, respectively. Therefore,
the structural and crystal-chemical features of these
samples should reflect thermal influences not only of the
main but also of each of the thin intrusions. In fact, the
role of the intrusions may be deduced from the following
experimental observations. First, near both the 0.5 m and
3 m thick intrusions two NHy-bearing mixed-layer
phases having different expandability (5% and
25—-30%) coexist. Second, for each intrusion, despite
having different expandability, both phases contain the
same amount of tobelite layers. However, this amount is
equal to 30% in both phases located near the 0.5 m thick
intrusion (samples 1063.31—1063.68) and to 12—15% in
the phases located near the 3 m thick intrusion (samples
1093.40—1097.23). It is remarkable that 15% of tobelite
layers is determined in the I-T-S of sample 1093.64
located at the 3 m thick intrusion border. Third, near
both intrusions, the proportion of I-T-S with significant
expandability decreases with distance from the intru-
sions, whereas the proportion of I-T with little expand-
ability increases from 38% to 50% in the case of the
0.5 m thick intrusion (samples 1063.31—-1063.68,
Table 2a). Moreover, the little-expandable I-T is almost
absent close (0—0.22 m) to the 3 m thick intrusion
border (samples 1093.64 and 1096.78), but is equal to
23-25% at distances of 0.42 m and 0.58 m from the
intrusion; i.e. at these distances the association of I-T-S
and I-S was formed. Note that the total amount of I-T-S
and I-T near both thin intrusions is almost the same
(Table 2a, 2b).

Two scenarios, I and II, can be considered to account
for the role of all three intrusions in the formation of
NHy-bearing I-T-S-V and I-T phases having different
expandability, content and distribution patterns of the
interstratified layer types. Both scenarios include two
successive stages of alteration of clay minerals in zones
IV and V. However, according to one of them the first
stage provided alteration of the samples in zones IV and
V due to thermal influence of the 0.5 m and 3 m
intrusives, whereas the major contribution of the main
intrusion acting during the second stage, consisting of
tobelitization of the I-S formed during the first stage.
According to the second scenario the succession of the
events was reciprocal: at the first stage the main
intrusion formed I-T-S which later was altered by the
thin intrusions. It is obvious that the different order of
the events should be reflected in the crystal-chemical
features as well as in the K/Ar ages of the samples of
zones 1V and V.

Scenario I. Let us analyze the structural and chemical
transformations to be expected in the sample of zones V
and IV at its first stage. In particular, for the chlorite-
containing samples of zone V adjacent to the 3 m thick
intrusion, the structural and chemical features as well as
the K/Ar ages show that the intrusion subjected the
samples to dissolution-precipitation. As a result, newly
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formed I-S phases were crystallized. Indirect evidence of
this hypothesis can be derived from the structural
formulae of these mixed-layer phases for these samples.
They are, in contrast to those for the samples of zones VI
and IV, characterized by an extremely small Fe and Mg
content in octahedral sheets of their 2:1 layers, a feature
emphasizing release of Fe and Mg from detrital I-S and
inheritance of kaolinite cation composition (Table 8b).
The high degree of substitution of Al for Si indicates that
the samples were subjected to high temperature. The
recrystallization reaction is in agreement with the K/Ar
age of samples 1093.64 and 1096.85; i.e. younger than
those of the samples of zone IV and zone VI which are
located above and below zone V, respectively. It is quite
plausible that released Mg and Fe were used for
formation of chlorite.

Note that an increase of distance from the 3 m
intrusion was accompanied by a decrease from 77% to
45% in the content of the I-S with 60% of illite layers
and formation from I-S of 23—-25% of I-T with 82% of
illite layers (Table 2b). An increase in the K/Ar age from
samples 1093.64 and 1096.78 to samples 1096.96 and
1097.23 shows that the thermal energy of the 3 m
intrusion was not sufficient to dissolve completely all
detrital clays, which increase in samples 1096.96 and
1097.23.

The thermal influence of the 0.5 m thick intrusion on
the samples of zone IV is similar to that of the 3 m
intrusion on the samples of zone V: in both cases
dissolution-precipitation of the detrital I-S, illite and
kaolinite took place. However, the lower thermal energy
of the 0.5 m thick intrusion is reflected in particular
structural and crystal-chemical features as well as in
K/Ar ages of the samples of zone IV. First, samples
1063.31—-1063.68 of this zone have structural formulae
of the mixed-layer phases and K/Ar ages intermediate
between the samples of zone V and those of zone VI
(Tables 7b, 8b, 9). This means that the dissolution
reaction was not completed and some detrital I-S and
illite survived or were only partially altered. The detrital
component increases with distance from the intrusion,
because of more limited heating, and results in an
increase of the apparent K/Ar ages from sample 1063.31
to sample 1063.68. Second, in contrast to the samples of
zone V, two I-S phases having different degrees of
expandability were formed even at the 0.5 m thick
intrusion border. The content of illite layers in the
second of these coexisting I-S (40%) is lower than that
(59%) of the corresponding I-S of the samples 1096.96
and 1097.23 of zone V. However, in the samples of both
zones a tendency to increasing content of I-S having
lower expandability is observed.

The second stage of the scenario in the alteration of the
samples of zone IV and V includes the thermal influence
of the main 80 m thick intrusion. Its main contribution is
deduced from the tobelitization of the I-S phases formed
at the first stage, and from the fact that the amount of
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tobelite layers in I-T-S and I-T is a function of distance
from the intrusion. It is likely that the maximum content
of tobelite layers formed at 35—45 m from the intrusion,
i.e. in the samples of zone IV. At larger distances, the
amount of tobelite layers decreases to 12—15% and
remains within this range down to 168 m below the main
intrusion. The tobelitization reaction corresponds to the
solid state transformation of I-S into I-T-S-V described by
Drits et al. (2002b). It means that the temperatures
provided by the main intrusion were high enough to
transform former smectite layers in I-S into tobelite layers
by sorption and then fixation of NHj, along with parallel
increase of substitution of Al for Si in the tetrahedral
sheets, to form the tobelite interlayers. The alteration of
clay minerals described may, however, be more complex.
For example, it is quite plausible that during the first
stage, along with synthesis of [-S at certain distances from
the 3 m thick intrusion, some I-T-S may be formed.

Scenario II. At the first stage, the main 80 m intrusion
formed I-T-S-V with 30% expandability down to 168 m
below this intrusion. It is obvious that the thermal
influence of this intrusion was strong enough to provide
dissolution-precipitation of the detrital I-S, illite and
kaolinite, the degree of which decreases as a function of
distance from the intrusion. In order to account for a
significant increase of illite layers in the I-T-S phases as
a function of the distance from the 0.5 m and 3 m thick
intrusions, one has to assume that the main influence of
these intrusions consists of illitization of the I-T-S
phases with high expandability. One also has to assume
that both intrusions did not change the NH} content in
the I-T-S and I-T, although the thermal influence of
these thin intrusions should be sufficient to dissolve
some detrital K-feldspars and micas, to release some K*
into solution, to transform the former smectite inter-
layers of the highly expandable I-T-S to illite interlayers,
and to obtain I-T with the same tobelite layers content
and with only 5% expandable layers. Finally, in terms of
this model it is assumed that the partial dissolution-
precipitation of the detrital I-S (first stage) and
illitization reaction (second stage) were accompanied
by ‘purification’ of the cation composition of the I-T-S-
V and I-T by releasing Fe and Mg and the formation of
small amounts of chlorite.

Both scenarios have their strong and weak points.
The strong point of scenario II is that the apparent K/Ar
age (47.8 Ma) of sample 1093.64 located at the 3 m
intrusion border shows that this thin intrusion appeared
after the main one (51.4 Ma for sample 1038.15). Weak
points of this scenario are the following. First, if the
illitization reaction occurred, then fresh portions of K
should be fixed in the I-T-S having high expandability.
Therefore, the K/Ar values, in contrast to what is
observed, should decrease with distance from the thin
intrusions. Second, it is difficult to combine a very high
degree of ‘purification’ of the I-T-S-V cation composi-
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tion due to the dissolution-precipitation reaction with the
significant amount of tobelite layers in sample 1093.64
located at the 3 m thick intrusion border. It seems
obvious that temperature at this border was sufficiently
high to provide almost full recrystallization of the I-T-S
formed after the first tobelitization reaction. Therefore,
even if at the first stage the tobelitization reaction
provided the same and significant amount of fixed NH,
in the I-T-S at different distances from the 3 m thick
intrusion, it would be difficult to expect this amount of
NH; to be preserved in the I-T-S-V located at the
intrusive border. A significant part of (or all) the NH}
interlayer cations should be lost during the sample
recrystallization. The strong point of the scenario I, in
which the second stage includes the tobelitization
reaction, is that it accounts for most of the structural
and crystal-chemical observations. In particular, in terms
of this model it is not surprising that the same significant
amount of fixed NH} exists in the I-T-S determined in
the samples of zones IV and V at different distances
from the thin intrusions and at their borders. The weak
point of this scenario is that the apparent K/Ar ages of
samples 1027.40 (0.47 m below the main 80 m thick
intrusion) and 1093.64 (at the border of the 3 m thick
intrusion) are different, and that the apparent K/Ar age
of the first sample (51 Ma) is older than that (48 Ma) of
the last one. However, this difference is probably not
significant, taking into account variation of the K/Ar
ages for samples taken at different distances from the
thin intrusions, reflecting heterogeneity in the thermal
treatment by the main intrusions. Indeed, the apparent
K/Ar ages for samples 1096.78, 1096.85 and 1096.96
taken at distances 0f 0.22 m, 0.29 m and 0.42 m from the
0.5 m thick intrusion are equal to 51.7, 76.3 and
60.6 Ma, respectively. Therefore, the calculated K/Ar
ages for samples at the main 80 m and the 3 m thick
intrusion borders may be assumed to vary, so that they
may be smaller for the thick intrusion border and greater
for that of the thin intrusion in comparison with those
given in Table 9. In any case, scenario I looks quite
plausible from the crystal-chemical point of view.

Zone VI. For the samples in mudrock sequences of zone
VI, the I-T-S-V from samples 1158.91—-1194.93
(Table 7b) have a rather heterogeneous octahedral cation
composition with significant amounts of Fe*" and Mg
(0.14—0.22 and 0.19—0.31 atoms per O;o(OH),). It is
surprising that the structural formulae for the I-T-S-V
from samples 1158.91—-1194.93 and those for the I-T-S-V
from Upper Jurassic oil-source rock shales from
Denmark and the North Sea (Drits et al., 2002b,
Table 5) are almost identical. Because samples
1158.91-1194.93 were located rather far from the
intrusions, at distances of 132 to 168 m, the temperatures
were too low to provide a significant recrystallization
reaction, but high enough to transform former smectite
layers in I-S into tobelite layers by sorption and then
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fixation of NHy along with parallel increase of substitu-
tion Al for Si in the tetrahedral sheets forming the
tobelite interlayers. The North Sea I-T-S-V formed by
burial diagenesis at temperatures 100—140°C. For
samples 1158.91—-1194.93, R, ~ 2% and, as the rate
of the organic matter maturation is greater than the rate
of the tobelitization reaction, the maximum of the short-
lived temperature pulse for these samples was probably
<200°C. The K/Ar dating (Table 9) for samples
1158.91—-1194.93 also supports the assumption concern-
ing the initial origin of the I-T-S-V. The calculated ages
(135—226 Ma) show that the I-S-V formed long before
the time of the intrusion implacement (60 Ma). The
presence of significant amounts of kaolinite having
detrital origin also shows that these samples were not
subjected to significant thermal alteration.

Distribution of fixed NH

Temperature is, along with duration of heating, the
main factor in the smectite illitization reaction involving
release of NHj during maturation of the organic matter
and fixation as NHj in silicate structures.

The distribution in I-S of fixed NHy (Table 4) is in
agreement with variation of temperature with distance
from intrusives from the data of Rowsell and De Swardt
(1976), Dennis et al. (1982), Bostick and Pawlewicz
(1984), Pytte (1982), Pytte and Reynolds (1989), and
Hagelskamp (1988). The clay mineral association
formed just below the major intrusion is NHj free,
probably because the temperatures were too high for
NH formation from organic matter decomposition.

In fact, Williams and Ferrell (1991) observed the
smallest organic and inorganic N contents near contacts
to intrusives. The dissolution of both K-feldspar and
detrital illite near the major intrusion should create such
a high concentration of K" ions in the pore fluids that
incorporation of NHj in the phyllosilicate structure
should be negligible.

The greatest fixed NH, content was determined in
samples 1063.31—1063.68 located at distances of
56.5 m, 56.6 m and 56.9 m from the major intrusion.
The I-T and I-T-S phases of these samples contain both
30% of tobelite layers and 5% and 40%, respectively, of
expandable layers (Table 2a). It is likely that these I-T-S-V
were formed by the interaction with NHj fluids,
generated in the shales by the geothermal gradient, and
circulating within the shales. At least two main sources
of NHZ can be considered. One is the thermal decom-
position of NH; generated at high temperatures and
migrating away from the intrusion probably along
fractures. However, a second and more important source
of NH, may be cracking of the kerogen at the distances
from the main intrusion where NH} is the main nitrogen
decomposition product.

The samples from Umiivik 1 taken at distances of
67—168 m from the major intrusion contain I-T-S-V in
which the T layers content varies from 13% (sample
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1194.93) to 16% (sample 1158.91) (Table 4). This
conforms with the results of Cooper and Raabe (1982)
and Williams and Ferrell (1991) and is probably due to
continuous decomposition of organic matter and forma-
tion of new NHj and interaction of I-S and NHy-bearing
fluids at a temperature above 100°C (Drits et al., 2002b).

CONCLUSIONS

The application of XRD to structural modeling in
combination with solid-state *°Si and *’Al MAS NMR
spectroscopy, Mdssbauer and IR spectroscopies, thermal
analysis, chemical analysis, stable isotopes ('%0/'°0),
and K/Ar dating have, for the first time, made it possible
to reveal the contact metamorphic transformation for the
mixed-layer minerals, in the present investigation in
kaolinitic, oil-forming mudstone. Based on the structural
and crystal chemical features of the mixed-layer miner-
als located at different distances from the intrusions
having different thicknesses, we determined the influ-
ence of each intrusion in the formation of the particular
mineral associations as well as the sequence in time in
the intrusion appearance. An important result concerns
the fixation of NH} released during oil generation from
the organic matter.

The main 80 m thick intrusion caused dissolution of
kaolinite and the formation of mixed-layer mineral
phases with pyrophyllite, margarite, paragonite, tobelite,
illite and smectite layers, which depend on the parent
material and on the distance from the intrusion. Close
(<21 m) to the main intrusion, the clay mineral
association is NHj-free, whereas the greatest fixed
NH; content was determined at ~56 m below this
intrusion. From 67 m below this intrusion to the bottom
of the core (168 m below the intrusion), the mixed-layer
minerals contain ~15% of NHj-bearing layers. The NHj-
bearing illite layers probably formed from NH; released
during oil generation and fixation of this NHy in I-T-S-V.
The main local influence of the thin intrusions (0.5 m
and 3 m thick) is the formation of newly formed I-S in
which the amount of illite layers increases as a function
of the intrusion thickness and the distance to these
intrusions.
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