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Ansrnlcr

Interstratified illite-smectites (VS) and illite-smectite-vermiculites (ISV) representing
both hydrothermal and diagenetic transformations and having different degrees of structural
order were investigated for cis-trans occupancy in the octahedral sheet by X-ray diffraction
(XRD) and by differential thermal analysis (DTA) in combination with evolved water
analysis (EWA) using an infrared detector. By XRD, the amounts of cis (w"") and trans
(w,") vacant 2;l layers were determined for the three-dimensionally ordered samples using
both the WILDFIRE simulation program and calculations based on positions of the 11/
and 1ll reflections. Based on the EWA curves, the US and ISV could be divided into three
groups having (l) one strong and one or more weak EWA peaks; (2) two well-resolved
peaks; and (3) a complex EWA curve. The amounts of cis- and trans-vacant sites were
determined by peak fitting of the total dehydroxylation curve. The complex EWA curves
were, however, in addition split into separate dehydroxylation processes during a step-
heating technique. If the EWA peaks below and above 600 'C were attributed to trans
vacant (tv) and cis vacant (cv) octahedra, respectively, the w", values determined by XRD
and by EWA were in agreement. For the three-dimensionally ordered minerals, both XRD
and EWA should be used, whereas the EWA method can be applied to the structurally
disordered samples having no diagnostic 11/ reflections. Accordingly, a combination of
XRD and EWA for the determination of w." and w," supports an evaluation of the mech-
anism of illitization in various geological environments. Thus, significant changes in w""
and w," during illitization are likely due to a dissolution-precipation, whereas almost con-
stant values indicate a solid-state transformatron.

INrnonucrron

Interstratified illite-smectite (VS) is present in different
geological environments, and the structure (amount of il-
lite interlayers and ordering of the interlayer types) is an
indicator of the degree of transformation both during
burial diagenesis and hydrothermal activity (Burst 1969;
Shutov et al. 1969; Hower et al. 1976: Bethke and Altaner
1986; Nadeau and Bain 1986; Inoue et al. 1988; Eberl
1993).

Characterization of VS and the mechanisms of VS for-
mation at different stages of postsedimentary and hydro-
thermal alteration of rocks have been extensively studied
(Shutov etal.1969; Hower etal.1976 Pevear et al. 1980;
Reynolds 1980; Srodof 1980, 1984). Until recenrly,
mainly the mixed-layering of the VS structure has been
studied through investigation of basal reflections by X-
ray diffraction (XRD) and through attempts to image the
distribution of illite and smectite interlayers using high
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resolution transmission electron microscopy (Ahn and
Peacor 1986a. 1986b. 1989: Bell 1986: Klimentidis and
MacKinnon 1986; Hansen and Lindgreen 1987, 1989;
Guthrie and Veblen 1989; Ahn and Buseck 1990; Veblen
et al. 1990; Lindgreen and Hansen 1991; Srodori et al.
1992; Sucha et al. 1996). Furthermore, electron micros-
copy has been used to determine shape and thickness of
particles (Nadeau et al. 1984, 1985; Inoue et al. 1987;
Lanson and Champion l99I; Sucha et aL.1992; Inoue and
Kitagawa 1994).

Tsipursky and Drits (1984) showed that in the 2:1 lay-
ers of montmorillonite, as a rule, one of two symmetri-
cally independent cis-octahedra is vacant, whereas illites
normally have trans-vacant (tv) 2: 1 layers. Accordingly,
a formation of illite 2:1 layers from smectite 2:1 layers
should lead to an increase in proportion of tv 2:1 layers.
Investigations of the change in amount of cis-vacant (cv)
and tv 2: 1 layers in VS during transformations should
accordingly be important for understanding the mecha-
nisms and dynamics of this process. For example, Drits
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(1987) showed, that during diagenesis of pyroclastic
rocks in the Karaganda Basin, Kazakhstan, transforma-
tion of VS is accompanied not only by increasing the illite
interlayers and in short-range layer ordering, but also by
a change in distribution of octahedral cations within the
2:1 layers. Reynolds (1993) and McCarty and Reynolds
(1995) showed that fundamental illite particles in US
samples from the Appalachian basin and neighboring ar-
eas consist of randomly interstratified tv and cv 2:I lay-
ers. Drits et al. (1996) studied the transformation of VS
samples from Doln6 Ves hydrothermal deposits and found
also that the VS structure consisted of interstratified tv
and cv 2: 1 layers. Similar results were obtained by yla-
gan et al. (1996).

Two methods are presently used to determine the pro-
portion of tv and cv 2:1 layers in VS by XRD. The first
method is based on simulation of experimental XRD
powder patterns (Drits et al. 1984; Reynolds 1993). The
second is a semiquantitative calculation of the amount of
interstratified tv and cv 2:1 layers from the d(11/) values
alone (Drits and McCarty 1996). Neither method can be
applied properly to VS having Xt(D patterns with no
modulations of diffracted intensities in the diaenostic re-
gion containing 11/ and 02/ reflections. HowevJr, VS hav-
ing highly disordered structures are widely spread in the
nature especially in shales.

Drits et al. (1995) showed that smectites and illites
consisting of cv 2:l layers have dehydroxylation temper-
atures 100 to 200 "C higher than those consisting of tv
2:1 layers. These results explain differences in the DTA
curves of illites. For instance, Drits et al. (1995) showed
that "abnormal" illite described by Mackenzie (195j)
consists of cv 2:l layers. It is well known that differential
thermal DTA curves for some of the dioctahedral smec-
tites, illites, and VS have a doublet between 500 and 700
'C probably due to two endothermic reactions (Macken-
zie 1957; Grim 1968). Drits et al. (1995) suggested that
the size of each of these endothermal peaks probably re-
flected the proportions of tv and cv layers. The main aim
of this paper is to test this hypothesis through an inves-
tigation of illites, VS, and illite-smectite-vermiculites
(ISV) by both XRD and thermal analysis.

MArrnrl.Ls AND METHODS

Samples

Potassium, iron, and magnesium contents per O,.(OH),
of the samples are given in Table 1. Four differenr local-
ities were used: rhyolitic volcanoclastics transformed
through hydrothermal activity from Ponza Island, Italy
(Ylagan 1996; Ylagan et al. 1996) and Doln6 Ves, Slo-
vakia (Sucha et al. 1992; Drits et al. 1996); upper Jurassic
oil source rock shales, transformed through burial dia-
genesis from the North Sea and onshore Denmark (Han-
sen and Lindgreen 1989; Lindgreen and Hansen 1991;
Drits et al. l99l): and K-bentonites from the Appalachian
Basin and neighboring areas probably transformed by mi-
grating fluids (McCarty and Reynolds 1995).
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Taele 1. Sample localities and structural parameters

Sample
Size

Location W Rt (rrm) K+ Fet MS+

0.12 0.26
0.08 0.42
0.36 0.44
0.13 0 64
0 3 7  0 3 6

0 .19  0  34
o24  017
0 .18  0  39
0 1 5  0 1 8
o 25 0.32
0.03 0.17
0.17 0.43

0.06 0.28
0.04 0.27
0.05 0.28
0 .14  0 .16
0  0 8  0 . 1 9
0 1 4  0 1 3
o47 029
o23 0.33
0 1 9  0 . 2 1
0 . 1 6  0  1 4

- Amount of smectite.
f Short+ange ordering factor
f Moles per O1o(OH),.

Pretreatment

The VS was separated from volcanic rocks by gentle
crushing, disaggregation in distilled water with an ultra-
sonic probe, and separation of different size fractions by
centrifugation. The fractions <0.1 pm or <0.5 pm of V
S from Ponza Island and the <l pm size fraction of the
US from Doln6 Ves (Table l) were investigated. Because
of the complex mineralogical composition of the samples
of the North Sea shales, the ISV had to be separated by
a special methodology. These samples were ffeated for
removal of organic matter and Fe- and Al-oxides and the
finest size fractions consisting of ISV together with small
amounts of kaolinite-illite-vermiculite were isolated by
centrifugation as described by Hansen and Lindgreen
(1989). The particles of this fraction are according to
scanning probe microscopy predominantly <500 A in Ai-
ameter and <100 A in thickness (Lindgreen et al. 1992).

X-ray diffraction

VS and ISV expandability, w., and the short-range or-
dering factor, R, (Table 1) were determined from the XRD
patterns of the glycolated and oriented specimens using
the computer programs developed by Drits and Sakharov
(1976) and by Reynolds (1985). Contents of tv (w,") and
cv (w.,) layers were determined by powder XRD by two
methods. The first one based on simulation of XRD paf
terns for different models using the computer program
WILDFIRE (Reynolds 1993) was applied to determine
the w." values for the VS samples from Appalachian Basin
(McCarty and Reynolds 1995) and Ponza Island (Ylagan
1996). Simulated and the experimental XRD patterns
agree (Fig. l) for samples Canada 30 and Canada 35. The

Canada 35
Canada 30
GA:  DD
NAS-1
GAFL 1-1
WTsB
93-6-1 1 C
93-6-9C
93-6-8Q
93-6-8N
93-6-9Q
93-6-9L
93-6-8C
93-6-8W
93-6-1 6T
93-6-1 0A
1 602
1 603
1617
2204
Y5

x3
x 1 8
89

Ottawa
Ottawa
Mi l lbdg. ,  GA
Nasset, lA
Deicke, GA
Tioga, NY
Ponza lsland

Dolnii Ves

Denmark
North Sea

<1 0.49
< 1  0 6 7
<0.5 0.63
<1 0_67
<0.5 0.51
<0.5
<0.1 0.20
<0.1 0.44
< 0 1  0 3 3
<0 5 0.56
< 0 1  0 3 5
< 0 5  0 5 7
<0 5 002
<0 .1
< 0 5  0 6 9
<0 5 0.68
< 1  0 5 6
<1  0 .61
<1 0.46
<1 0.49

0.31
0.33
0 5 2
0 4 0

0.21
n  l 2

0 . 1 4
0 . 1 5
0.09
0 1 3
0 6 8
o2a
0 4 8
0 1 0
0 4 1
021
1 .00
0 0 0
o.o7
0.00
0 .14
0.08
0.40
0.40
o70
0 8 0
0 9 0
0.84

2 5
2 5

0
1 .36
0.5
R3

'I

1 . 5
0

3
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Frcunn 1. Calculated (top) and experimental (bottom) dif-
fraction patterns. CuKcr-radiation. The calculated pattern is for
one phase having the parameters shown. (a) Canada 30. (b) Can-
ada 35.

second method developed by Drits and McCarty (1996)
was applied to VS samples whose XRD patterns con-
tained noticeable intensity modulations corresponding to
l1l reflections.

Thermal analysis

EWA curves. A Stanton Redcroft DTA 673-614 with
gas outlet to non-dispersive infrared HrO and CO, detec-
tors was used to determine quantitatively the amount of
structural water released during heating (evolved water
analysis, EWA). Detailed description of this combined
apparatus was given by Morgan (L917). The main advan-
tage of this technique is that the loss of hydroxyls is re-
corded separately and that the amount of structural water
released during dehydroxylation can be determined quan-
titatively and with high sensitivity.

Sodium-saturated samples were heated at 5 'Clmin in
a gas flow of 300 ml N, per min. To separate dehydration
and dehydroxylation processes, the samples were heated
first to 200 "C and the temperature was then kept constant
until the water release stopped. The samples were next
heated further to 1000'C at 5 'Clmin.

Numerical decomposition of EWA curves. The EWA
curve profile was fit with individual maxima having dif-
ferent temperatures. The positions and number of the
main peaks were determined, first visually and then
through the minimization procedure. The computer pro-
gram developed for this purpose minimizes the difference
between the experimental profile and the profile synthe-
sized after summation of individual peaks. Each individ-
ual maximum was a combination of two Gaussian func-
tions. One function describes the upper part of the peak
profile with steep slopes (the upper Gaussian) and the
other (the lower Gaussian), which was twice as wide,
describes the lower, less steep part of the peak. Peak po-
sition, width at half height of the "upper" Gaussian and
relative contribution of the "lower" Gaussian to the total
peak area were used as variable parameters of each peak.
However, only for one of the individual peaks were two
Gaussian functions needed. The quality of the approxi-
mation was estimated by the R factor, which is the rela-
tive difference between the observed and the synthesized
profiles (see also Drits et al. 1993).

Stepwise heating. This technique was applied for sam-
ples having complex dehydroxylation curves. After equil-
ibration at 200 "C, the temperature was again increased
at a rate of 5 "C/min. When the temperature of the first
shoulder or peak observed previously in the continuous
dehydroxylation curve was recorded, the temperature was
kept constant until the EWA curve had dropped to base
level, and then the heating was resumed. If the dehy-
droxylation during this heating stage showed a maximum,
the next constant heating stage was introduced. This pro-
cess was repeated to 1000 "C depending on the maxima
observed during the analysis.

Rnsur,rs AND DrscussroN

X-ray diffraction

A wide range of lr"" was obtained by both methods
(Table 2). Generally, for each of these samples the rela-
tive difference between the w"" values does not exceed
2OVo. One exception is GAFL l-1 for which the w"" de-
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Teele 2. Propodions of cis-vacant layers (w"u) from EWA
ANd XRD

XRD

Sample Sim. Eqst
Differ-
ence+

200

g  1 5 0
q

StepS o
g ioo

o

o
i s o

1 6 0

f, r+o
d 120

!  roo
l B o
8 6 0
.: 40

8 r o
0

200

Canada 35
Canada 30
GA:  DD
NAS.1
GAFL-1
WT5B
93-6-1 1 C
93-6-9C
93-6-8Q
93-6-8N
93-6-90
93-6-9L
93-6-8C
93-6-8W
93-6-1 6T
93-6-1 0A
1602
1 603
1617
2204
YJ

x3
x 1 8
89

5 1
58
66
39
'17

76
46
23
71
37
57
77
78
00
34
26
70
53
80
64

8
22

8
22

70
60
55
J+

40
98
55
30
70
33
60

85
00
25
20

56
3v
c l

35
23
70

28

43

78

8
21
23
65

90
dJ

63
60
53
34
J t c

84

29
70
JO

60
76
85

Z J

2 1  5
oc

90
85

1 2

1 3
5

'14

8
v

6
1
1
J

1
7

1 1
4
5

1 0
2 1

51

41

32
78

. Using WILDFIRE simulation (Reynolds 1993)
t Using the method of Drits and Mcoarty (1996)
f w""(EWA) - rycv(XRD)
$ From Step EWA analysis.

termined by simulation of the experimental XRD pattern
(40Vo) is almost twice the w"" determined by the technique
of Drits and McCarty (1996). Drits and McCarry (1996)
obtained for natural VS samples similar levels of accuracy
of w., through determination by WILDFIRE and by the
method of Drits and McCarty (1996). Therefore, the av-
erage of the two w." values obtained for the same sample
by both techniques should be the most reliable value (Ta-
ble 2).

Dehydroxylation and octahedral site occupancy

Dehydroxylation patterns. According to the model of
Drits et al. (1995), cv and tv 2:1 layers should have de-
hydroxylation temperatures above and below 600 oC, re-
spectively. From the EWA curves, the US and ISV can
be divided into three groups. The first group includes the
US samples having one strong and one or more weak
endothermal peaks (Fig. 2). Six samples (1617, 93-6-9L,
1602, 93-6-8C, NAS-I, and WT5B) have the main de-
hydroxylation reaction near 700'C. Thus, cv 2:1 layers
predominate in these samples. In contrast, samples 95,
92, xl8, and x3 have the main dehydroxylation temper-
ature fh below 550 'C and consist thus mainly of tv 2:l
layers.

The second group of samples (93-6-1lC, -9C, -8Q, -167
2204, 93-6-8N, and -8W) has two well-resolved peaks,
corresponding to two main endothermic reactions be-
tween 500 and 700 'C (Fig. 3). The ratio between the
peak areas probably reflects the ratio between tv and cv
2:1 layers. For example, the EWA curve of sample 93-6-

200 300 400 500 600 700 800 900

Temperature (oC)

Frcuno 2. Experimental and simulated evolved water curve

for sample 93-6-9L. Heating rate 5 'C/min.

1lC (Fig. 3a) has two peaks of almost equal size probably
due to similar amounts of cv and tv layers in the sample.
In the EWA curve of sample 93-6-8Q (Fig. 3b), the peak
at -610'C is stronger than the peak at -500 'C, and the

Temperature ( 'C)

Frcunn 3. Experimental and simulated evolved water curves.
Heating rate 5 'Clmin.

t c a

'

200
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Frcunn 4. Experimental and simulated evolved water curves.
Heating rate 5 'Clmin.

amount of cv layers is larger than the amount of tv layers.
In contrast, sample 93-6-9C has a larger peak at 500'C
than at 660 'C indicating that the amount of tv layers is
larger (Fig. 3c). In sample 93-6-8W both peaks are lo-
cated at temperatures <600 'C and the sample probably
consists of only tv 2:l layers (Fig. 3d).

The third group of samples has poorly resolved peaks
@ig. a). However, even for these samples, amounts of
cv and tv 2:1 layers can be determined. For example,
the EWA curve of sample 93-6-104 has three poorly
resolved peaks at -450, -590, and -680 'C (Fig. 4a).
The sum of the areas of the first two peaks appears to
be larger than that of the last peak at -680 'C. Accord-
ingly, in sample 10A (Fig. 4a) as well as in GAFL l-1
(Fig. 4b), the amount of tv 2'.I layers should be larger
than of cv 2:1 layers, in samples GA:DD and Canada
30 the amount of cv layers is probably larger than of tv
layers (Figs. 4c and 4d), whereas the samples 93-6-9Q
and 1603 have equal proportions of both layer types
(Figs. 4f and 4g).

Numerical decomposition of dehydroxylation
curves. One or two individual peaks had Z* >600 'C

(Figs. 2 to 4). The peak having the highest dehydroxy-
lation temperature at 650-700 "C could usually be ob-
served visually, whereas the presence or absence of a
second peak having lower dehydroxylation temperature
(620-660'C) was established during the decomposition
procedure. From one to three peaks had Ion <600'C
(Figs. 2-4). Their position could usually be observed vi-
sually and peak positions were refined during the mini-
mization procedure. Temperatures and areas of individual
decomposed peaks providing the best agreement between
the observed and the synthesized EWA curves are given
in Table 3.

Analytical step-heating decomposition. Eight VS
samples of group three having complex dehydroxylation
patterns were analyzed by the step-heating technique. The
curves are shown in Figure 5 and the peak areas and
temperatures in Table 4. The complex monotonically in-
crease heating curves of these samples were split into two
almost symmetrical peaks in the region 500-610 'C and
&0-7lO "C. In some cases, one symmetrical peak oc-
curred at 450 'C. The peaks are symmetrical despite the
fact that the low-temperature half of the peak corresponds
to heating at 5 'Clmin and the high-temperature half of
the peak to continued increase in temperature or alter-
natively to keeping temperature constant at the value for
the peak or shoulder. This symmetry indicates that the
peaks actually are due to single dehydroxylation process-
es. The splitting of the complex curves of group three
samples into two separate peaks by step heating demon-
strates similarity to the dehydroxylation processes of
group two samples having two well-defined peaks.
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Teale 3. Numerical decomposition of EWA curves

r 193

EWA dehydroxylation peaks

Sample 'c

Canada 35
Canada 30
GA:  DD
NAS-1
GAFL  1 -1
WTSB
93-6-1 1 C
93-6-9C
93-6-8Q
93-6-8N
93-6-90
93-6-9L
93-6-8C
93-6-8W
93-6-167
93-6-10A
1602
1 603
1617
2204
95
x3
x 1 8
89

427
470
437
468
405
5 1 8
499
506
428
462
408
533
+JC

450
440
456
5 1 6
467
505
503
400

527
506
462

J - O

I  J - Z

10.7
13.3
1 1 6
t J  c

4 3 8
5 5 9
5 1

t J . I

1 2 2
Z J J

z t  o

231
6 4

17 .2
29.5
2 0 7
20.5
38.6
38.1
76.3
5 1 . 6
35.4

520
603
a z I

584
495
590
603
o t z

502
552
490
653
624
580
570
cvo

660
524
682
645
5 1 0
634
561
554

555
668
o t z

643
586
642
ooc

660
625
oJz

612
708
b / J

4 2
4 3 2
29.3
32.1
40.7
15 .5
34.9
19 .9
24.4
2 1 . 1
435
5 5 9
3 9 4

4 5
26.2
48.2
1 1 5

2 7 7
z o l

10 .4
3.3

10.7

3 5 8
t J  z

3 6 3
7.3

t z o

60.7

45.0
1 6 0
13 .1

295

4 0 8

b J /

oYo

670
761
656
7 1 4

752
671
685
656

o / o

800
681

640
692
709
585

690
578
727
744
oJz

41.4
28.4

47.3
31.2
10 .4
21.2
21.O
23.7
47.2
o t . z

20.8
3 8 9
7 6 9
59_6

2 2 3
14.4
7 9 5
25 1
30.3
1 3  3
4 C l

42.1

8 5
8.4

Cis layer content determined by peak fitting. Table
2 contains w., values obtained by assuming that the ratio
between areas of peaks with temperatures higher and low-
er than 600'C corresponds to the ratio between cv and
tv 2:1 layers, respectively. However, after decomposition,
the EWA curves for samples Canada 30 and 93-6-11C
have a peak with ?in -600 'C (Figs. 4d and 3a), which
may be due to dehydroxylation of tv as well as of cv
layers. For 93-6-llc having a large proportion of smec-
tite layers (w, : 0.68), we have assigned the area of this
peak to cv layers and for Canada 30 having a small pro-
portion of smectite layers (w, : 0.13) to tv layers, be-
cause these assignments are in agreement with the XRD
data and fits the hypothesis that the higher the wt, w",,
and R values, the higher the dehydroxylation tempera-
tures of tv layers, see later.

For 15 samples the difference between w., determined
by the XRD or EWA methods does not exceed IOVo (av-
eraged value is 4.57o). For four samples (Canada 35, GA:
DD, GAFL 1-1, and 93-6-16T) these values vary from
Il to l4%o, and only for sample 2204 does this value
increase to 2IVo (Table 2).

For an VS sample containing a significant amount of
rotational stacking faults, a reliable determination of tv
and cv layers by simulation of XRD patterns is not al-
ways possible because the 111 reflections are very broad
and weak or simply absent. For such samples, the com-
bination of results obtained by the thermal and the XRD
methods may be very useful. For example, McCarty and
Reynolds (1995) simulated the XRD pattern of sample
Canada 35 and found that this sample should contungl%o
of cv layers interstratified with 5Vo of tv layers. However,
the EWA curve of this sample shows that a considerable
amount of OH groups was lost at temperatures much low-

er than 600 'C (Fig. 4e), and the sample should therefore
contain a significant amount of tv layers. A satisfactory
agreement between experimental and calculated XRD
pattems is shown for a new model that contains a phys-
ical mixture of crystals consisting either of tv layers
(307o) or of cv layers (10Vo), each with different degree
of rotational stacking faults (Fig. 6).

Cis layer content from step heating. This technique
was applied to the samples of group three because of
their complicated EWA curves. For sample 93-6-10A,
the second peak in the step heating EWA curve (Fig.
5a) is assigned to tv layers despite the fact that its peak
temperature (610'C) is slightly above the upper limit of
600 'C used for tv 2:l layer determination. This sample
differs from the others by absence of expandable layers
and a very high structural ordering. In addition to lM,
it contains l5%o of the 2M, modification. Probably, these
features provide the increase of Zon for tv layers. As
discussed below, this agrees well with the hypothesis
that the dehydroxylation temperature of tv layers de-
pends on their content and distribution in this sample.
Only for two samples, Canada 35 and WT5B, are the
w"" values calculated from the two EWA techniques sim-
ilar (Figs. 5d and 5f, Table 2). For samples GA:DD and
GAFL l-1, the w." values obtained by step heating are
close to the average w"" values determined by XRD but
different from those determined by numerical EWA de-
composition (Table 2). In contrast, for sample 93-6-10A,
the step heating w., value is different from the numerical
EWA decomposition and the XRD w., values, which on
the other hand are close to each other (Table 2). These
data lead to two conclusions. First, for complex EWA
curves a combination of the two EWA techniques are
necessary to obtain a reliable estimate of w., and w,,
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Frcunr 5. Evolved water curves and recorded temperature
for step-wise heating. Heating at 5 "C/min. interrupted by con-
stant-temDerature intervals.

TeeLe 4. EWA analysis, stepwise heating

Area
(%\

Canada 35
GA:  DD
GAFL 1.1
WT5B
93-6-10A
1 603
x3
89

(Table 2). Second, for US samples having broad, weak,
or absent diagnostic l1l reflections and complex EWA
curve profiles, the errors of the different techniques are
similar. Therefore, a combination of diffraction and ther-
mal analysis is optimal for investigation of such poorly
crystallized US samples.

EWA curves for the North Sea samples

The North Sea samples were not studied by XRD be-
cause their XRD patterns lacked diagnostic reflections.
EWA curves have only one strong and broad dehydrox-
ylation maximum at 510-550 "C (Fig. 7). Numerical de-
composition shows that tv layers dominate in these sam-
ples. However, for samples x3 and 89 this technique
shows 24 and 22Vo of cv layers, respectively (Figs. 7a
andlc). The step-heating technique reveals the last high-
temperature maximum at 600'C and area l5%o for sample
x3 (Fig. 8a) and 640'C and 4Vo for sample 89 (Fig. 8b).
Formally, the w", values obtained by the two EWA tech-
niques for sample x3 are compatible (Table 2) but the
shift in peak positions from 636 "C and 768 'C in the
numerical EWA decomposition (Fig. 7a) to 600 'C in the
step heating EWA curve (Fig. 8a) makes the assignment

1A 20 22 24 26 28 30 32 34 36 38 40 42

"20

FrcunB 6. Calculated (top) and experimental (bottom) dif-
fraction patterns for the sample Canada 35. CuKct-radiation The
calculated pattern is for two phases having the parameters shown.

f Area f Area T
Sample fc) fk\ fc) fk\ fc)

540 49 700 51
540 59 660 41
500 68 640 32
540 22 710 78
460 31 610 58 710 1 1
490 41 600 28 700 31
510  85  600  15
500 96 620 4
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900
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Frcunp 8. Evolved water curves and recorded temperature
for step-wise heating. Heating at 5 "C/min. intemrpted by con-
stant-temperature intervals.

pentagonal prisms. These more strongly bonded OH
groups then require additional thermal energy for the de-
hydroxylation process to proceed. Each step of dehydrox-
ylation results in an increasing proportion of pentagonal
polyhedra, which further increases the AI-OH bond
strength, and more thermal energy for the next step of
the reaction is then required. In EWA curves, this process
may lead to both increased peak width and high-temper-
ature asyrnmetry and probably is responsible for the over-
estimation of the w., by numerical EWA decomposition.
Therefore, when VS or illite samples have a highly dis-
ordered structure and badly resolved EWA curves appli-
cation of the step-heating technique may be especially
useful for determination of the w"" and w,".

Relationship between the dehydroxylation temperature
and layer type content and distribution

Our results suggest that the dehydroxylation tempera-
ture of tv 2:1 layers depends on proportion and ordering
of illite tv layers in VS samples, such that the higher the
w, and R values, the higher is the dehydroxylation tem-
perature of fv layers. For example, samples 93-6-8W -10A,
-16I and -8N have a high proportion of tv illite layers
(0.62 < lr," < 1), low expandability (w, <0.10) and R :

3 (Table 1) and the main dehydroxylation of tv layers
took place near 580'C (Fig. 4a). In contrast, samples 93-
6-8C, -8Q, -9Q, and -11C have significantly less tv layers
and illite layers with R < 1 and 0.22 < w* I 0.45, w, )
0.40, and dehydroxylation temperatures of EWA peaks
range from 440 to 500 'C (Figs. 3a,3b, and 4f . Samples
x18, 93-6-9C, and -9L have 0.20 < lts < 0.40,0.7 < w,,
< 0.9, and I = R < 2 and the main dehydroxylation
temperature of tv layers near 510-550 "C (Figs. 7d, 2,
and 3c).

Similar regularities are observed for the dehydroxyla-
tion temperature of cv 2:1 layers. Samples 93-6-9L,
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Frcunu 7. Experimental and simulated evolved water curves.
Heating rate 5'C/min

of this peak to cv layers uncertain. Moreover, as in the
case of sample 93-6-10,4', this peak may be assigned to
tv layers. For sample 89, the last high-temperature max-
ima in both decompositions have temperatures signifi-
cantly higher than 600'C and are thus due to cv layers.
However, for this sample the ru", value equal to 4Vo inthe
step-heating analysis is significantly lower than the w",
value obtained by the numerical EWA decomposition.
Therefore, the cv layer content in the North Sea samples
probably does not exceed l}Vo.

The high-temperature shoulders in the EWA curves of
samples dominated by tv layers may be due to hetero-
geneous dehydroxylation (Guggenheim 1990). In alumi-
neous fine-grained 2:l phyllosilicates, a dehydroxylated
octahedral tv sheet is similar to the original tv sheet, but
contains fivefold-coordinated cations instead of Al octa-
hedra. Based on Pauling's rules, Guggenheim (1990) as-
sumed that during partial dehydroxylation at relatively
low temperature the formation of pentagonal prisms oc-
cupied by Al increases the AI-OH bond strength in the
Al octahedra having one or two shared edges with the
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WT5B, ard 1602 have a high proportion of cv illite layers
(0.70 < w", < 0.84), low expandability (w, <0.14) and
R : 3 (Figs. 2 and, 5f) and the main dehydroxylation of
cv layers near 7lO-715'C. In contrast, samples 93-6-8C
and -8Q, which also have a high proportion of cv layers
(0.85 and 0.71, respectively) differ from 93-6-9L, WT5B,
and 16O2 in having a random layer distribution and a high
content of smectite layers (1.0 and 0.48, respectively) and
their decomposed EWA curves have two high-tempera-
ture maxima at 625 and 615 "C, respectively (Fig. 3b).

Changes in octahedral vacancies during VS and ISV
transformations

Determination of cv and tv layers by diffraction and
thermal techniques may clarify the mechanism of illiti-
zation in a variety of geological environments. The Or-
dovician K-bentonites from the U.S.A. have different cv
layer proportions with no correlation to the amount of
illite layers. McCarty and Reynolds (1995) concluded that
the content of tv and cv layers in these VS samples is
dependent on their chemical composition and not on ex-
pandability. Contrarily to this, during burial diagenesis of
pyroclastic rocks in the Karaganda Basin illitization was
accompanied by a change in the cvltv ratio for the 2:l
layers (Drits 1987). During hydrothermal transformation
of rhyolitic volcanoclastics, the amount of cv layers de-
creased with increase of illite layers in US samples (Drits
et al. 1996). Accordingly, the reaction was a solid-phase
transformation of smectite to illite layers up to 50Vo lllite
layers at which stage all 2:1 layers have cv sites, whereas
the further increase in amount of illite layers up to gOVo
was a dissolution-reprecipitation process during which cv
layers were replaced by tv 2:I layers. Similar regularities
are observed for hydrothermally altered VS samples from
Ponza Island (Ylagan 1996). For our rhyolitic volcano-
clastics, generally w." increases with increasing expand-
ability (w.) and with decreasing content of K per
O,.(OH), (Figs. 9a and 9b, respectively), the only devia-
tion from this trend being sample 93-6-9L.

Deconinck and Chamley (1995) found two types of
smectitic minerals in the Upper Cretaceous chalks of
northern France. The first type contains 65-95Vo smectite
layers, has DTA dehydroxylation peaks at -500'C and
was assumed to originate from continental weathering in
a warm, seasonable humid climate. The second type con-
tains 90-100Eo smectite layers, has a dehydroxylation
peak at 600-700 "C and was interpreted to be authigenic.
From the results of the present investigation, the first type
must have tv and the second type cv 2: 1 layers. The tv
2:l layers in the VS having different expandability and
assumed to have formed during continental weathering
may be due to that these VS have formed from weathering
of mica or illite, which is usually tv, whereas the presum-
ably authigenic VS have the cv 2:l layers normally found
in smectite (Tsipursky and Drits 1984).

The North Sea ISV consist mainly of tv layers but may
have a small proportion of cv layers. This proportion does
not correlate with the amount of illite layers or the degree
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Frcunn 9. The dependence between w"" determined by EWA
and w, (a) and the content of fixed K per O,'(OH), (b).

of burial diagenesis. Hansen and Lindgreen (1989) and
Lindgreen (1991) suggested that the North Sea ISV orig-
inated from the weathering of mica or illite. This detrital
origin of diagenetically non-changed ISV is supported by
the unusual distribution of layer types in these minerals:
I, S, and V layers have a significant tendency to segre-
gation (Drits et al. 1991). In addition, the ISV is associ-
ated with mixed-layer kaolinite-illite-vermiculite, which
also probably formed through the weathering of illites
(Drits et al. 1997). The dominating tv layers in these ISV
determined in the present work is in agreement with the

o
3

0.8
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origin of these minerals as well as with the results of
Deconinck and Chamley (1995). Furthermore, the pro-
portion of cv and tv layers in the North Sea shale ISV
does not change during diagenesis, supporting the con-
clusion of Drits et al. (199'7) that the reaction in these
ISV is a solid-state transformation. Thus, determination
of tv and cv layer contents in US and ISV may provide
additional information concerning origin as well as struc-
tural mechanism of transformation of these minerals.
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