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Abstract--The Kimmeridgian-Volgian(-Ryazanian) claystone is the principal oil source rock in the troughs 
of the North Sea. Randomly (R0) ordered mixed-layer illite/smectite (US) appears to have transformed 
to RI-(IS) or R3-(ISII) ordered simultaneously with oil generation. The proportion of illite layers in I/S 
increased to 95% d,aring diagenesis in these claystones. Exceptions are three samples of I/S of probably 
bentonitic origin; these have apparently changed during diagenesis to R0-0rdered I/S containing 40-50% 
illite layers. Fine fractions of the claystones dominated by I/S were analyzed by ZTAl and 29Si magic-angle 
spinning (MAS)-nuclear magnetic resonance (NMR) spectroscopy, ~TFe Mrssbauer spectroscopy, and 
X-ray powder diffraction (XRD), and for total chemical composition. Si/AI ratios determined from MAS- 
NMR agree closely with those calculated from total chemical analysis; however, tetrahedral and octahedral 
AI occupancies were most accurately determined by NMR. An increase in the percentage of illite layers 
and in the ordering of the I/S was accompanied by fixation of K ~ and NH4 + in the I/S, by tetrahedral AI- 
for-Si substitution, and by octahedral Al-for-(Mg + Fe) substitution, resulting both in an increase of 
charge in the 2:1 layers and in a migration of charge from octahedral to tetrahedral sheets. The I/S of 
probably bentonitic origin had a larger tetrahedral and a smaller octahedral charge than expected from 
its content of illite layers. MAS-NMR showed a significantly higher content of tetrahedral AI (most likely 
in smectitic sites) than expected from the percentage ofillite layers calculated from XRD. Correspondingly, 
XRD of K+-saturated and glycolated specimens showed that several smectite layers possessed a significant 
charge. A constant b-dimension of the I/S and the presence of a significant charge in the smectite layers 
suggest that a transformation of smectite to illite layers in the I/S by tetrahedral Al-for-Si substitution 
followed by interlayer cation fixation and interlayer contraction is the most probable genesis for the I/S 
investigated. 
Key Words--Chemical composition, Diagenesis, Illite/smectite, Mfssbauer spectroscopy, Nuclear mag- 
netic resonance, X-ray powder diffraction. 

I N T R O D U C T I O N  

Smectite layers in mixed-layer iUite/smectite (I/S) 
are converted to illite layers during burial diagenesis 
(Perry and Hower, 1972). Smectite layers contain as 
much as 0.6 negative charge per Ot0(OH)2 unit, ver- 
miculite layers from 0.6 to 0.9, and mica layers about 
1.0 (Bailey, 1984). Thus, a net increase in negative 
charge is necessary for the formation of an illite layer 
from a smectite layer. From Mrssbauer spectroscopic 
data on smectites from the disturbed belt of Montana, 
Eslinger et al. (1979) indicated that as much as 30% of 
the total charge increase in I/S occurs in the octahedral 
sheet through Fe-reduction during metamorphism. 
Most of the charge increase during illite layer forma- 
tion, however, occurs by A13+-for-Si 4+ substitution in 
the tetrahedral sheet (Foscolos et aL, 1976; Eberl and 
Hower, 1976; Eslinger et al., 1979; Hower, 1981). The 
reaction mechanism for this charge increase has been 
discussed in several papers. Investigation ofdiagenetic 
clays (Hower et aL, 1976) and hydrothermal experi- 
ments (Eberl, 1976; Eberl and Hower, 1976) indicate 
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a transformation in which AI 3+ substitutes for Si 4+ in 
the tetrahedral sheet, followed by interlayer potassiu m 
fixation and interlayer contraction. On the other hand, 
combined X-ray powder diffraction (XRD) and trans- 
mission electron microscopy (TEM) studies of dis- 
persed illitic clays from bentonites and sandstones led 
Nadeau et a l. (1985) to propose a neoformation mech- 
anism, i.e., a dissolution of smectite and precipitation/ 
growth of thin illite particles. 

So far, the structural transformations have been dis- 
cussed on the basis of data from XRD, scanning elec- 
tron microscopy, microprobe analysis, and chemical 
analysis, supplemented in one study of mixed-layers 
by Mrssbauer spectroscopy (Eslinger et aL, 1979) and 
in one study by 295i MAS-NMR (Altaner et aL, 1988). 
Using XRD and 29Si MAS-NMR, Altaner et al. (1988) 
investigated samples of I/S containing 90-100% illite 
layers and one rectorite containing 50% illite layers. 
The percentage of smectite layers calculated from 29Si 
NMR data was significantly higher than the percentage 
obtained from XRD data. They concluded that tetra- 
hedral sheets having minor  Al-for-Si substitution (the 
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typical smectite substitution pattern) must be present 
in the illite particles. Therefore, these particles were 
most likely formed by Al-for-Si replacement, the 
mechanism proposed by Hower et al. (1976), and not 
by a neoformation and growth of  illite particles, the 
mechanism proposed by Nadeau et al. (1985). 

In recent years, the technique of  high-resolution 
M AS-NMR spectroscopy (:TA1 and 29Si) o f  solids has 
grown into an increasingly important  tool in studies of  
synthetic and natural clay minerals (Goodman and 
Stucki, 1984; Thompson,  1984; Kinsey et al., 1985; 
Komarnemi  et al., 1986; Weiss et al., 1987; Altaner et 
al., 1988; Jakobsen et al., 1988b). In a preliminary 
report Jakobsen et al. (1988b) showed that 27A1 and 
29Si MAS-NMR,  especially at high spinning speeds, 
may be used successfully to determine the ApV/AI v~ 
and Si/A1TM ratios in natural clays. Together, 27A1/295i 
M AS-NMR and 57Fe Mrssbauer  spectroscopies can be 
used as non-destructive methods to obtain information 
about the distribution within the intact I/S of  the major 
elements, except for Mg and the interlayer cations. 

Upper  Jurassic claystone of  Kimmeridgian-Volgi- 
an(-Ryazanian) age is the main source rock for oil in 
the Central Trough, North Sea (Barnard and Cooper, 
1981). The ordering and increase in the percentage of  
illite in I/S from the North Sea and onshore Denmark 
have previously been investigated by X R D  on dis- 
persed US and by high-resolution transmission elec- 
tron microscopy (HRTEM) on intact rock (Hansen and 
Lindgreen, 1989). These results indicate that the ran- 
domly (R0) ordered I/S containing ~ 70% illite layers 
is mainly detrital. It becomes ordered during diagen- 
esis, and the proportion o f  illite layers increases to 
~90%. Three of  the samples examined in the present 
study, from well 2/7-3 (from a depth of  3365 m and 
3502 m) and from well W1 (3816 m depth) probably 
came, according to Hansen and Lindgreen (1989), from 
bentonites formed from volcanic ash and probably 
changed during diagenesis into R0-ordered I/S con- 
taining 40-50% illite layers. 

The aim of  the present study was to correlate the 
percentage of  illite layers in I/S and the degree of  or- 
dering in I/S with I/S chemical composit ion deter- 
mined by 27A1 and 29Si MAS-NMR,  by Mrssbauer  
spectroscopy, and by chemical analysis. These results 
were further used to elucidate the elemental and struc- 
tural changes in the I/S during the transformation of  
smectite to illite layers through burial diagenesis in the 
North Sea. These changes are discussed in relation to 
the solid-state transformation and the neoformation 
models of  illite genesis. 

MATERIALS A N D  M E T H O D S  

Mater ia l s  
Materials from the Mandal, Farsund, and Haugesund For- 

mations in the Central Trough, North Sea (Figure 1), were 
collected as cuttings from the Danish wells El, G1, I1, MS, 
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Figure 1. Location map of wells for North Sea illite/smectite 
samples. 

U1, Wl, Adda 1, and Lulu 1 and the Norwegian wells 2/7-3 
and 2/11-1 and as core material from wells E1 and 2/11-1. 

N o m e n c l a t u r e  
The symbols I and S are used to represent illite and smectite 

layers, respectively. In the present work the fraction of illite 
layers in I/S is presented by the symbol PI, i.e., the probability 
of finding an illite layer in the mixed-layer. Ps.i is the prob- 
ability that an illite layer succeeds a smectite layer, Psi.i is the 
probability that an illite layer succeeds an SI unit, and Psiu 
is the probability that an illite layer succeeds an SII unit. The 
ordering values used are R0 for random ordering, R1 for 
rectorite ordering, and R3 for Kalkberg ordering (Reynolds, 
1984). AI w and AW E are used as symbols for tetrahedrally and 
octahedrally coordinated AI, respectively. 

S a m p l e  preparat ion  
All cuttings were washed in distilled water and dried at 

room temperature. Dark-grey rock fragments, typical of the 
formations studied and dominating the sample intervals, were 
selected for analysis. 

The samples were treated with NaOAc at pH 5.5 and 100~ 
to remove calcite, followed by Na hypochlorite treatment at 
pH 9.0 and 100~ to remove organic matter (Anderson, 1963), 
and finally by Na dithionite, Na bicarbonate, and Na citrate 
at pH 7 to remove iron and aluminum oxides and oxyhy- 
droxides (Roth et al., 1969). About 100 mg of dithionite was 
used per gram of sample. Preliminary experiments with a 
glauconite sample showed that these treatments did not pro- 
duce changes in the Mfssbauer spectrum of this mineral. The 
sand and silt fractions were then removed by conventional 
centrifugation or by elutriation (Jensen and Hansen, 1961), 
and the fine (<0.2-#m) and coarse (0.2-2.0-~m) clay fractions 
were separated in a continuous flow centrifuge. I/S was iso- 
lated from the fine-clay fraction by the ethanol-water proce- 
dure (Buzagh and Szepesi, 1955) used previously for the sep- 
aration of montmorillonite (Gibbs, 1967). By this procedure 
discrete illite and kaolinite, present in fair amounts (> 10%) 
even in the fine-clay fraction, were largely removed from the 
Central Trough samples. NH4 § was not added to the samples 
at any step during preparation, except for the NH4+-saturated 
portions of the fine-clay fractions used in total chemical anal- 
ysis (see below). 
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X-ray powder diffraction 
Specimens were prepared for X-ray powder diffraction 

(XRD) by the pipet method using 2.5 mg of sample per square 
centimeter. Tests using other sample densities showed this 
density to be infinitely thick to the radiation applied in the 
range 0*--25~ XRD was carried out using CrKa and CuKa 
radiation and a Philips gnniometer PW 1771/00 with a 20 
variable divergence slit and a monochromator.  For each sam- 
ple, a series of  K +-, Mg 2+-, and Na+-saturated air-dried spec- 
imens was prepared. After XRD analysis, the specimens were 
glycolated at 60"C for 3 days (further glycolation for as long 
as 9 days did not change the diffractograms) and again ana- 
lyzed by XRD. Finally, a K+-saturated air-dried specimen of 
each sample was heated for 1 hr at 250"C before XRD anal- 
ysis. 

The diffractograms of  the Mg2+-saturated air-dried and the 
K§ glycolated specimens were simulated using the 
NEWMOD computer program for two-component mixed- 
layering (Reynolds, 1984; Bethke and Reynolds, 1986). Dif- 
fractograrns of the MgZ+-saturated glycolated specimens were 
simulated using both the NEWMOD program and a program 
reported by Cradwick and Wilson (1978) for three-component 
mixed-layering. The quality of the simulations was evaluated 
from peak positions, peak heights, and peak shapes (the cri- 
teria of Reynolds, 1984), in our diffractograms between 6* 
and 30*20. 

2ZAI and 29Si M A S - N M R  spectroscopy 
27A1 and 29Si MAS-NMR spectra were obtained using a 

Varian XL-300 spectrometer (7.1 T) at 78.16 and 59.59 MHz, 
respectively. For a few samples, spectra were also recorded 
on Varian VXR-400S (9.4 T) and VXR-500 (11.7 T) spec- 
trometers for comparison of the quadrupolar coupling param- 
eters and chemical shift data determined at the lower (7.1 T) 
magnetic field strength. All spectrometers employed home- 
built high-speed spinning MAS probes of double air-bearing 
design (Jakobsen et aL, 1988a) for 7 m m  o.d. (220-#1 sample 
volume) or 5 m m  o.d. cylindrical rotors (130-td sample vol- 
ume) with a maximum spinning speed of 10 and 16 kHz, 
respectively. These high spinning speeds ensured efficient 
suppression of dipolar interactions with abundant  spin I = 1/2 
nuclei (1H) and paramagnetic sites or ions. Furthermore, the 
intensities of interfering spinning sidebands for the central 
27A1 transition were reduced and the quality of the experi- 
mental spectra greatly improved (Jakobsen et al., 1988a). Zir- 
conia (PSZ-700 HP) 7-ram rotors and a spinning speed of 7.2 
kHz were used for 29Si observation and Si3N4 7-ram rotors 
with a speed of 9-10 kHz for the 27A1 MAS experiments. For 
selected samples, 27A1 MAS spectra were recorded using a 
spinning speed of 13.5 kHz in 5-ram Si3N4 rotors. The magic 
angle was set by observing the rotational echoes in the FID 
of  the 79Br resonance for KBr (Frye and Maciel, 1982) in a 
dynamic mode. For the 27A1 MAS experiments, the magic 
angle was checked and set accurately in the same manner 
using the 27A1 resonance for a sample of hydrated calcium 
aluminate cement (Ca~A1206" 6D20; Jakobsen et al., 1988a). 
To ensure quantitatively correct determination of  the AlW/ 
AI w ratios short radiofrequency pulses of 1.5 ~ts (~Ir/4 solid 
pulse) and a relaxation delay of 1.0 s were employed for 27A1. 
For the 295i MAS spectra, 3.0-#s pulses (~~r/5 pulses) and a 
relaxation delay of 8.0 s were used. The spectral intensities 
for the individual resonances in both the 27A1 and 29Si MAS 
spectra were determined by deconvolution using the com- 
puter program SIMULL as by Jakobsen et al. (1988b). The 
AIIV/A1 vI ratios were obtained directly from the deconvoluted 
A1 w and AI w intensities. Si/A1 w ratios were calculated from 
the intensities of  the Si(nA1) (n = 0, 1, 2) resonances deter- 

mined from the deconvoluted 29Si MAS spectra according to 
the equation 

Si/A1 Iv = ~ Isi(nA1)/ ~ (nf3)Isi(nAi) . (l)  
n = 0  n = 0  

This equation is related to that used for calculating Si/A1 ratios 
of framework zeolites (Thomas and Klinowski, 1985). 27A1 
and 29Si chemical shifts (ppm) were referenced to external 
samples of 1.0 M A1C13.6H20 in H20 and tetramethylsilane, 
respectively. The 27A1TM and 2~A1 v~ chemical shifts were cor- 
rected for the second-order quadrupolar shifts for the two 
resonances. Second-order quadrupolar shifts were determined 
from the shift of the observed spinning sideband positions 
for the satellite transitions relative to the center of gravity for 
the centerband using the procedure described recently (Sa- 
mpson, 1985) and employed for other clay samples (Jakobsen 
et al., 1988b). This procedure also gave values for the second 
order quadrupolar effect (SOQE) parameters, i.e., the product 
(QCC)(I + ~z/3)'~2 where QCC and ~ are the quadrupolar cou- 
pling constant and asymmetry parameter, respectively, for the 
clay samples studied. 

Mi~ssbauer spectroscopy 
Mrssbauer spectra were obtained using a constant accel- 

eration spectrometer and a source of sTCo in Pd. Isomer shifts 
are given relatively to the centroid of the spectrum of  a-Fe 
at room temperature. Analyses were performed on selected 
Na+-saturated I/S samples at room and liquid nitrogen tem- 
perature and with the absorber plane normal to or at an angle 
of 54.7* to the radiation. Spectra were compnterfitted by Lo- 
rentzian lineshapes; the widths and areas of the two com- 
ponent peaks in each quadrupole doublet were constrained 
to be equal. 

Infrared spectroscopy 
Analysis by infrared spectroscopy (IR) was carried out on 

a Bruker 113V Fourier spectrometer. KBr pellets with 0.3- 
mg sample were heated for 16 hr at 140~ and analyzed. 

Total chemical analysis 
Total chemical analysis was made using the HF-H3BOs 

dissolution procedure in Teflon bombs (Bernas, 1968), fol- 
lowed by atomic absorption spectrophotometric determina- 
tion of  dissolved Na, Mg, Ca, Fe, A1, and Si. Prior to the 
dissolution the purified mixed-layer samples were Na+-satu - 
rated and air-dried. Portions (50 rag) of the NH4+-saturated 
samples were also analyzed. The oxide composition was cal- 
culated as a percentage of the sum of the oxides. 

NH4 § was determined by an isotope dilution method (Mid- 
delboe, 1977). NHa§ was released as NH 3 and oxi- 
dized to N2 by heating small samples (about 1 nag) with CuO 
and a known amount  of 15NH4C1 in evacuated glass ampuls 
for at least 3 hr at 600"C. Prolonged heating or higher heating 
temperatures did not increase the amount  of  NH 3 released. 
The relative amounts of ~SN and 14N were then determined 
by optical emission spectroscopy, and the N-content in the 
sample was calculated from the 14N/tSN ratio. 

R E S U L T S  

X- ray powder diffraction 

The  p robab i l i t i e s  o b t a i n e d  by  the  s i m u l a t i o n s  o f  the  
d i f f rac tograms o f  Mg2+-satura ted a n d  a i r -d r i ed  speci-  
m e n s  a n d  Mg2+-satura ted a n d  glycola ted s p e c i m e n s  
agree w i t h i n  0.05 P i -un i t s  for  each  sample .  Thus ,  on ly  
the  resul t s  for  the  glycola ted s p e c i m e n s  are g iven  in  
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Table 1. Results of X-ray powder diffraction (CuKa) analysis 
of illite/smectite samples from the North Sea. 

K+-saturated 
Mg2+-saturated specimens specimens 
(air-dry and glycolal~l) (glycolated) 

Well depth Reich- 
(m) PI Psi Psn Psn.I weite PI Ps.i 

E1 
2983 ~o 
3444 c- 
3828 r 
3938 ~- 

GI 
2609 ~- 
3441 r 

0.65 0.45 0.76 0.76 R0 0.82 0.82 
0.80 1.00 0.55 0.82 R1 
0.80 1.00 0.45 0.85 R1 0.95 0.95 
0.85 1.00 0.55 0.88 R1 0.85 0.85 

0.75 0.65 0.78 0.78 R0 
0.70 3-component 0.85 

(0.10 vermiculite, 0.20 smectite) 

M8 
2368 cu 0.65 0.55 0.70 0.71 R0 0.82 0.82 
2387 cu 0.70 0.50 0.79 0.79 R0 0.80 0.70 
2588 cu 0.75 0.55 0.82 0.82 R0 0.90 0.90 
2725 c" 0.82 1.00 0.50 0.86 R1 0.90 0.90 

UI 
2542 c" 0.70 0.60 0.74 0.74 R0 0.80 0.80 
2716 cu 0.60 0.30 0.80 0.80 R0 0.80 0.60 
2899 c" 0.70 0.60 0.74 0.74 R0 0.90 0.90 

I1 
3371 c" 0.82 1.00 0.60 0.83 R1 0.90 0.90 
3441 ~" 0.82 1.00 0.60 0.83 R1 0.95 0.95 
3688 ~u 0.82 1.00 0.60 0.83 R1 
3908 c" 0.85 1.00 0.65 0.86 R1 0.95 0.95 

2/11-1 
3633 r 0.82 1.00 0.60 0.83 RI 0.90 0.90 
3877 ~~ 0.85 1.00 0.55 0.88 RI 0.95 0.95 
4548 ~u 0.85 1.00 0.65 0.86 RI 0.95 0.95 

2/7-3 
3365 ~ 0.40 0.40 0.40 0.40 R0 0.75 0.75 
3502 ~u 0.40 0.30 0.55 0.55 R0 
3789 c~ 0.95 1.00 1.00 1.00 R3 0.95 0.95 
4178 c~ 0.90 1.00 0.70 0.91 R1 0.95 0.95 

Lulu 1 
3420 ~ 0.85 1.00 0.55 0.88 R1 0.95 0.95 

W1 
3816 ~u 0.50 0.40 0.60 0.60 R0 0.75 0.55 
4051 ~u 0.80 1.00 0.45 0.85 R1 

Adda 1 
2633 ~ 0.65 0.45 0.76 0.76 R0 
2917 ~ 0.70 0.50 0.79 0.79 R0 0.85 0.85 

co = core sample; cu = cuttings sample; PI is the probability 
for an illite layer in illite/smectite (US); Ps.1 is the probability 
for an illite layer succeeding a smectite layer; Psi., is the prob- 
ability for an illite layer succeeding a SI sequence; Psii.i is the 
probability for an illite layer succeeding a SII sequence. Reich- 
weite ordering after Reynolds (1984). 

Table  1 and  used  th roughou t  this  paper .  The  I/S are 
R0-o rde red  for P~ = 0 .40-0 .75 ,  R l - o r d e r e d  for  P~ = 
0 .80-0 .90,  and  R 3 - o r d e r e d  for  PI = 0.95. Init ial ly the  
di f f ractograms were  s imula ted  wi th  0.3 Fe and  0.8 K 
mole  per  illite layer (O10(OH)2) and  0.4 CEC (cat ion- 

3.34 

A /t 
/ ~ 9 ~  355/~  t ethyleneglycol. 
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Figure 2. X-ray powder diffraction patterns and simulated 
patterns of oriented specimens ofillite/smectite samples from 
well U1 (2542 m). The peaks at 7.2 and 3.5 A are from 
kaolinite, the sharp peak at about 28*20 is from KC1 left from 
saturation. The Mg2+-saturated and glycolated specimen was 
simulated with two glycol layers and: P1 (the probability for 
an illite layer in illite/smectite (l/S) = 0.7; Ps.~ (the probability 
for an illite layer succeeding a smectite layer) = 0.6; R (Reich- 
weite) = 0 (for Reichweite ordering, see Reynolds, 1984). The 
Mg2+-saturated and air-dry specimen was simulated with two 
water layers and Px = 0.7, Ps~ = 0.6, R = 0. The K§ 
and glycolated specimen was simulated with one glycol layer 
and PI = 0.8, Ps.i = 0.8, R = 0. 

exchange capacity) and  0.3 Fe mole  per  smect i te  layer. 
Fol lowing the plots  o f  chemica l  c o m p o s i t i o n  vs. P~ 
(Figure 7), the di f f ractograms were  res imula ted  wi th  
0.2 Fe and  0.6 K § (K § + 10/18 NH4 +) per  illite layer  
and  0.7 Fe and  0.7 CEC per  smect i te  layer. Mg2§ - 
ura t ion  and  glycolat ion resul ted  in two inter layers  for 
smect i te  a n d  a d(001) o f  17.0 ~,, whereas  K+-saturat ion 
and  glycolat ion resul ted in  one  glycol layer  be tween  
expandab le  layers a n d  a d(001) o f  abou t  14 .2 / i .  These  
values  were therefore  used  in the  s imulat ions .  P~ values  

https://doi.org/10.1346/CCMN.1991.0390108 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1991.0390108


58 Lindgreen, Jacobsen, and Jakobsen Clays and Clay Minerals 

Table 2. X-ray powder diffraction data for 060 from iUite/ 
smectite samples from the North Sea. 

Depth d (qr0) Half~'dth 
Well (m) P~ Reichweite (A) (A) 

E1 2983 0.65 R0 1.495 0.024 
3938 0.85 R1 1.499 0.020 

M8 2368 0.65 R0 1.499 0.023 
2387 0.70 R0 1.496 0.024 

U1 2542 0.70 R0 1.500 0.024 
2899 0.70 R0 1.499 0.023 

I1 3908 0.85 R1 1.501 0.017 
2/11-1 3877 0.85 RI 1.501 0.020 

4548 0.85 R1 1.501 0.020 
2/7-3 3789 0.95 R3 1.499 0.016 
Lulu 1 3420 0.85 R1 1.500 0.020 
Wl 3816 0.50 R0 1.499 0.023 

PI and Reichweite, see Table 1, footnote. 

obtained from simulation of the K+-saturated and gly- 
colated specimens (Table 1) were markedly larger than 
those obtained from Mg2+-saturated and air-dried or 
glycolated specimens. The relation between the PI val- 
ues for the glycolated K +- and Mg2+-saturated speci- 
mens is discussed below. Experimental and simulated 
diffractograms for the sample UI ,2542m are shown in 
Figure 2. 

The results of the XRD studies of randomly oriented 
samples are shown in Table 2. Quartz was used as a 
standard. XRD patterns of the 060 reflections of some 
I/S samples are shown in Figure 3. The position (center 
at half height) ranges between 1.499 and 1.501 ~,  and 
the half width ranges from 0.016 to 0.024/k. No split- 
ring of the 060 reflection was observed. 

Separate 060 reflection from kaolinite was also not 
observed; however, the invariance of the kaolinite con- 
tent with P~ suggests that the changes in d(060) with 
P~ are attributable to changes in d(060) of illite and 
smectite layers in US. 

eZAl and 29Si MAS-NMR spectroscopy 

The 27Al and 29Si chemical shifts determined for the 
North Sea clay samples are summarized in Table 3. 
As a typical example of the high-quality 27A1 NMR  
spectra obtained for the clay samples in this study, 
Figure 4 shows the 27A1 MAS spectrum for sample 2/7- 
3,3789m recorded at a spinning speed of 13.5 kHz. 
The spectrum illustrates that the high and stable spin- 
ning speeds, achievable with the homebuilt  MAS 
probes, allowed spinning sidebands to be moved com- 
pletely outside the regions for the AF v (71.2-73.6 ppm) 
and A1 vI (4.9-6.1 ppm) resonances at both 7.1 and 9.4 
T magnetic field strengths. Obviously, such spectra 
greatly facilitate quantitative determination of Alw/ 
A1 w ratios from spectral deconvolution (Table 4), com- 
pared with earlier published low-speed spinning 27Al 
MAS spectra (Thompson, 1984). Furthermore, the 
spectrum shows that, in addition to the 27Al central (m 

060 

, 3816m 

,2368m 

2542m 

3908m 

,., I-3, 3789m 

60 65 
, I , , , , I 

~ CuK(x radiation 
Figure 3. X-ray powder diffraction patterns of the 060 re- 
flection of randomly oriented specimens of some illite/smec- 
rite samples. The peak at about 60*20 is probably a kaolinite 
peak (2271,137~,313,203). 

= + 1/2 ~ m = - 1 / 2 )  transitions, spinning sideband 
manifolds for the inner satellite (m = +_3/2 ~ m = 
_+ 1/2) transitions were also observed. Using the the- 
oretical procedure outlined by Samoson (1985), these 
sidebands allowed the SOQE = (QCC)(1 + 172/3) '/~ pa- 
rameters (where QCC = quadrupole coupling constant, 
and ~/= asymmetry parameter) and, thus, "corrected" 
27A1 chemical shifts to be determined (Table 3). For 
the samples of the present study, the SOQE values were 
in the ranges 2.3-3.0 MHz and 1.8-2.6 MHz for the 
AI TM and AI vx sites, respectively; they were thus of sim- 
ilar magnitude for the two sites. Along with the ex- 
perimental conditions employed (e.g., A1 background- 
free probe, small flip angle, sufficient relaxation delay, 
high spinning speeds), the similar magnitudes of the 
quadrupole coupling parameters for the AF v and AI v~ 
sites ensured that AlW/AlW ratios were determined with 
high accuracy. 
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Table 3. 27A1 and 29Si chemical shifts I of illite/smectite samples from the North Sea. 

Wel l  D e p t h  (m)  6(zgSi(0A1)) 6(29Si(IAl)) ~(29Si(2Al)) ~1~ 2,,~kl'v) ~27,~lJvl) 

G1 2609 -93 .7  -88 .3  -85 .0  73.6 6.1 
M8 2368 -93 .3  -86 .2  -83 .6  71.3 5.0 
U 1 2899 -93 .4  - 87.1 - 82.9 71.4 5.1 
2/7-3 3365 -93 .3  - 86.2 - 84.5 71.3 5.0 
G1 3441 -94 .1  -87 .6  -85 .4  73.3 6.1 
U 1 2542 -92 .9  - 86.3 - 83.8 72.1 5.5 
M8 2588 -93 .0  - 87.7 - 83.4 72.2 5.7 
2/7-3 3502 -92 .9  -87 .5  -83 .4  73.1 5.8 
M8 2725 -93 .0  -87 .6  -83 .9  72.8 5.4 
E1 3938 -93 .7  -87 .0  -83 .8  71.2 5.0 
Lulu 1 3420 -93 .2  -86 ,9  -83.1  71.6 4.9 
2/11-1 4548 - 9 3 . 0  - 8 7 . 0  -84 .0  71.5 5.2 
2/11-1 3877 - 9 3 . 0  -87 .7  to - 8 6 . 0  -82 .3  72.7 5.9 
2/7-3 3789 -93 .4  - 87.2 - 82.0 72,8 6.0 

i 27A1 chemical shifts are in ppm (+0.5 ppm) referenced to external A l ( H 2 0 ) 6 3 + ,  for a 1 M solution of A1CI3 in H20. 29Si 
chemical shifts are in ppm (+0.5 ppm) referenced to external TMS. 

F o r  the  29Si M A S - N M R  spec t ra  o f  the  N o r t h  Sea I /S 
clays, the  c e n t e r b a n d  r e s o n a n c e  o f  th i s  sp in  I = 1/2 
nuc leus  was r e so lved  in to  separa te  29Si r e s o n a n c e s  cor-  
r e s p o n d i n g  to the  n u m b e r  o f  nea res t  A1TM in  the  I /S  
layers,  i.e., Si[Al(4)]n[Si]3_n, whe re  n = 0, 1, a n d  2 
( J a k o b s e n  et al., 1988b).  T h e  ranges  o b s e r v e d  for  the  
s a m p l e s  in  the  p r e s e n t  s tudy  (Tab le  3) (~29Si(OA1) 
- 9 2  to  - 9 5  p p m ;  ~29Si(1A1) ~ - 8 6  to - 8 9  p p m ;  a n d  
fi29Si(2Al) ~ - 8 2  to - 8 6  p p m )  were  used  to decon-  
vo lu te  the  29Si M A S  spectra .  I l lus t ra t ive  example s  o f  
29Si M A S  spectra ,  r ep resen t ing  I /S  clays h a v i n g  differ- 
en t  Si/A1 Iv rat ios ,  are s h o w n  in  F igure  5. T h e  in tens i t i e s  
o f  the  Si(nA1) resonances ,  Isi(.A0, d e t e r m i n e d  f r o m  the  
spectra l  d e c o n v o l u t i o n s  were  used  to  ca lcula te  the  Si/  
AP  v ra t ios  (Tab le  4) acco rd ing  to Eq. (1). T h e  genera l  
t r e n d  o f  the  da t a  in  T a b l e  4 is t h a t  the  Si/A1TM ra t io  
decreased  w i t h  inc reas ing  Ally/A1 vI rat io,  as wou ld  be  
expected.  

M6ssbauer spectroscopy 

T h e  M/Sssbauer spectra  were compute r f i t t ed  w i th  five 
quad rupo l e s ,  t h ree  Fe  3+ doub le t s  a n d  two Fe  2+ dou-  

Table 4. Si/A1 Iv and AlIV/AlV= ratios determined from de- 
convolution of 29Si and 27A1 nuclear magnetic resonance spec- 
tra of illite/smectite samples from the North Sea. 

Wel l  D e p t h  (m)  S i / A l  TM ~ I V / ~  VI 

G 1 2609 11.7 0.17 
M8 2368 11.2 0.21 
U1 2899 11.0 0.21 
2/7-3 3365 10.7 0.23 
G l  3441 10.1 0.22 
U 1 2542 9.6 0.24 
M8 2588 8.9 0.19 
2/7-3 3502 8.3 0.23 
M8 2725 7.8 0.21 
E1 3938 7.5 0.27 
Lulu 1 3420 7.3 0.27 
2/11-1 4548 6.4 0.34 
2/11-1 3877 5.8 0.35 
2/7-3 3789 5.0 0.38 

blets,  as th i s  n u m b e r  gave  sa t i s fac tory  fits. T h e  resul ts  
show t h a t  the  a rea  ra t ios  o f  the  F e - c o m p o n e n t s  were  
i n d e p e n d e n t  o f  t empe ra tu r e ;  thus ,  the  f-factors  were  
ident ical .  J o h n s t o n  a n d  Card i le  (19 8 5), howeve r ,  f o u n d  
t h a t  dif ferent  in te r l ayer  ca t ions  changed  the  recoil less  
f rac t ions  (f-factors) in  n o n t r o n i t e s .  Therefore ,  K+-fix - 
a t i on  d u r i n g  il l i te layer  f o r m a t i o n  s h o u l d  change  the  
recoil less  f rac t ions  in  I/S. T h i s  change  was  n o t  ob-  
se rved  in  the  p r e sen t  inves t iga t ion .  Because  the  f-fac- 
tors  were  iden t ica l  for  the  di f ferent  spec t ra l  c o m p o -  
nents ,  t he i r  re la t ive  areas  were  t a k e n  as re la t ive  
percen tages  o f  the  F e - c o m p o n e n t s .  Dif ferences  be-  
tween  spec t ra  o b t a i n e d  w i th  the  a b s o r b e r  p l ane  n o r m a l  
to  a n d  at  a n  angle o f  54.7* to the  r a d i a t i o n  were  n o t  
significant;  hence ,  t ex ture  effects were negligible.  

M 6 s s b a u e r  p a r a m e t e r s  for  the  I /S  a t  r o o m  t e m p e r -  
a tu re  are s u m m a r i z e d  in  Tab le  5; the  spec t ra  are  s h o w n  
in  F igure  6. Visual ly  the  spec t ra  are a l m o s t  iden t i ca l  
for  the  five I /S samples .  A b r o a d  (P = 0.6 m m / s )  Fe 3§ 

, i  . . . .  i . . . .  i . . . .  i . . . .  i . . . .  i . . . .  i . . . .  ~ . . . .  I . . . .  , . . . .  i . . . .  , . . . .  i , ,  

600 /~00 200 0 -200 -/,00 -600 

Figure 4. High-speed 27A1 magic-angle spinning (MAS)-nu- 
clear magnetic resonance (NMR) spectrum of illite/smectite 
sample from well 2/7-3 (3789 m) from the North Sea. Spec- 
trum was recorded at 78.16 MHz and with rotor (Si3N4) speed 
of 13.5 kHz. 
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o 

- 8 0  - 9 0 - 1 0 0  ppm 

b 

- 80 -90 -100 ppm -80 - 9 0 - 1 0 0  ppm 

Figure 5. High-speed 295i magic-angle spinning (MAS)-nu- 
clear magnetic resonance (NMR) spectra of illite/smectite 
samples from the North Sea. Spectra were recorded at 59.59 
MHz with rotor (PSZ) speeds of ~ 7.2 kHz. (a) Spectrum for 
sample from well 2/7-3 (3789 m) (Si/A1 = 5.0). Co) Spectrum 
for sample from well 2/11-1 (3877 m) (Si/A1 = 5.8). (c) Spec- 
trum for sample from well U1 (2899 m) (Si/AI = 11.0). 

double t  and  a na r rower  (P = 0.3 m m / s )  Fe E§ doub le t  
account  for abou t  80% and  15% o f  the  abso rp t ion  area, 
respect ively,  for all spectra.  Therefore ,  the spectral  pa-  
r amete r s  (Table 5) for  these  two double t s  are statisti-  
cally reliable. Ass ignmen t  o f  the  c o m p o n e n t s  o f  the  
MBssbauer  spectra  to Fe z+ or  Fe 3. in var ious  crystal- 
lographic  sites has been  extens ively  d iscussed  in  the  
l i terature.  Lately, G o o d m a n  (1987) and  Cardi le  ( 1987) 
argued tha t  each crystal lographic  site will p roduce  sev-  
eral doub le t s  hav ing  different  M r s s b a u e r  pa rame te r s  
because  o f  long-range con t r ibu t ions  to  the  electric field 

gradients.  In clay minera l s  low in iron,  such as those  
inves t iga ted  here,  a cons iderable  var ia t ion  exis ted in 
the nearest  and more  dis tant  surrounding cations, which 
should  have  p roduced  b r o a d  peaks,  as o b s e rv ed  for  the  
ma jo r  Fe 3+ c o m p o n e n t .  The  d(060) value o f  1 .499-  
1.501 A shows  tha t  the  I/S were  d ioc tahedra l .  Thus ,  
the m a i n  Fe 3§ doub le t  ( i somer  shift  6 = 0 .32-0 .34  m m /  
s, quadrupo le  spli t t ing A = 0 .49-0 .56  m m / s )  and  the 
m a i n  Fe 2§ double t  (~ = 1.13-1.15 ram/s ,  A = 2 .80 -  
2.88 m m / s )  m u s t  be ass igned to oc tahedra l  Fe, inas-  
m u c h  as the  values c o r r e s p o n d  to those  given for oc- 
tahedra l  Fe 2§ and  Fe 3+ by G o o d m a n  (1976) for mus -  
covite.  The  spectral  pa ramete r s  o f  the  three  r ema in ing  
c o m p o n e n t s  (<5%)  fit ted to the  spectra  are very  un-  
cer tain (Table 5). Wi th in  exper imen ta l  uncer ta int ies ,  
the  values  for  6, A, F, and  a m o u n t  (%) for the m a i n  
Fe 3§ c o m p o n e n t  are ident ical  for  all samples .  Similarly,  
the fi a n d  A values  for the  ma in  Fe 2+ c o m p o n e n t  are 
ident ical  for all samples ,  whereas  P and  the  percentage 
o f  this  Fe 2§ c o m p o n e n t  are lower  in samples  2/11-  
1,3877m and  M8,2368m,  c o m p a r e d  wi th  samples  
U 1,2899m, 2 /7 -3 ,3365m,  and  2 /7 -3 ,3789m.  These  dif- 
ferences are, however ,  no t  re la ted to  different  P~ values  
or  to order ing  values  for  these  samples .  

Total chemical analysis 
Total  chemica l  analysis  o fNa§  I/S samples  

are shown  in Table  6. The  presence  o f  NH4 + was also 
seen by IR, f rom the b a n d s  at 1410-1430 a n d  at 3300 

Table 5. Mrssbauer data for illite/smectite samples from the North Sea. 

Well a A r Area 
(Depth (m)) (rnrn/s) (ram/s) (mm/s) (%) 

U1 Fe 3§ 0.34 +-_ 0.003 0.56 ___ 0.003 0.57 + 0.009 78.3 • 0.06 
(2899) Fe 3§ 0.40 + 0.03 1.24 + 0.03 0.26 + 0.07 3.4 + 0.05 

Fe 3§ 0.08 _+ 0.15 0.53 + 0.15 0.32 • 0.43 0.8 • 0.05 
Fe 2§ 1.13 + 0.01 2.80 • 0.01 0.38 + 0.03 14.2 + 0.05 
Fe 2§ 1.37 • 0.09 1.69 + 0.09 0.67 • 0.26 3.3 • 0.06 

M8 Fe 3§ 0.32 + 0.01 0.56 + 0.01 0.57 • 0.02 79.8 • 0.03 
(2368) Fe 3§ 0.62 • 0.23 1.84 • 0.23 0.97 • 0.65 3.9 + 0.04 

Fe 3+ 0,06 +_ 0.04 0.51 _ 0.04 0.15 • 0,10 2.1 + 0.02 
Fe z+ 1.15 • 0.02 2.86 • 0.02 0.27 • 0.05 9.0 + 0.03 
Fe 2+ 1.67 + 0.04 1.36 + 0.04 0.29 + 0,10 4.8 _+ 0.03 

2/11-1 Fe 3+ 0.34 + 0.01 0.49 + 0.01 0.57 + 0.02 81.2 _+ 0.05 
(3877) Fe 3§ 0.43 + 0.06 1.24 + 0.06 0.13 + 0.17 2.1 + 0.04 

Fe 3§ 0.05 • 0.12 0.47 + 0.12 0.09 • 0.35 0.7 + 0.04 
Fe 2+ 1.13 • 0.02 2.88 _+ 0.02 0.27 + 0.07 11.7 _+ 0.05 
Fe E+ 1.29 • 0.15 1.51 • 0.15 0.58 • 0.42 4.3 _+ 0.05 

2/7-3 Fe 3+ 0.34 + 0.01 0.53 +_ 0.01 0.64 • 0.03 79.4 +_ 0.04 
(3365) Fe 3+ 0.81 • 0.47 2.25 • 0.47 0.54 • 1.33 1.5 _+ 0.04 

Fe 3§ 0.10 • 0.05 0.73 • 0.05 0.05 • 0.15 1.1 + 0.03 
Fe 2§ 1.13 • 0.03 2.81 + 0.03 0.37 • 0.09 15.4 + 0.04 
Fe 2§ 1.74 • 0.09 1.23 • 0.09 0.19 + 0.24 2.6 • 0.04 

2/7-3 Fe 3§ 0.33 • 0.01 0.56 • 0.01 0.63 + 0.03 76.3 • 0.07 
(3789) Fe 3§ 0.60 • 0.24 1.76 + 0.24 0.25 • 0.69 1.3 • 0.07 

Fe ~ 0.00 • 0.07 0.30 _+ 0.07 0.10 • 0.20 1.8 _+ 0.07 
Fe 2+ 1.15 + 0.02 2.86 • 0.02 0.30 • 0.06 16.9 • 0.07 
Fe 2+ 1.62 • 0.12 1.22 + 0.12 0.36 • 0.34 3.7 + 0.07 

= isomer shift; A = quadrupole splitting; F = halfwidth. 
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Table 6. Total chemical analysis (% oxides) by atomic absorption spectrophotometry of illite/smectite samples from the 
North Sea. 

Well  Dep th  (m) (NH4)20 NazO K 2 0  CaO  M g O  Fe203 AI20~ SiOz PI P&I R 

E1 3938 3.73 4.66 0.31 2.38 5.94 27.4 55.6 0.85 0.99 R1 
G1 2609 4.70 3.97 0.48 2.81 6.94 24.6 56.5 0.75 0.65 R0 
M8 2368 0.23 4.56 4.21 0.29 3.07 6.06 24.9 56.9 0.65 0.55 R0 
UI  2542 0.32 4.13 4.28 0.22 2.92 7.36 24.9 56.3 0.70 0.60 R0 

2716 0.32 5.18 3.46 0.14 3.51 7.07 23.9 56.8 0.60 0.30 R0 
2899 0.52 4.38 4.39 0.15 3.12 5.71 25.7 56.5 0.70 0.60 R0 

I1 3371 3.97 4.01 0.19 2.02 4.69 29.7 55.4 0.82 0.99 R1 
3908 1.20 4.08 4.90 0.16 2.69 4.17 27.9 56.1 0.85 0.99 RI 

2/11-1 3877 1.38 4.13 4.58 0.03 1.72 4.23 30.1 55.2 0.85 0.99 R1 
4548 4.46 4.62 0.32 2.07 6.02 28.0 54.5 0.85 0.99 R1 

2/7-3 3365 0.27 4.94 2.96 0.12 2.48 5.89 25.6 58.1 0.40 0.40 R0 
3789 1.54 3.93 5.04 0.49 1.49 3.34 32.1 53.6 0.95 0.99 R3 
4178 0.62 3.82 5.15 0.19 1.78 3.80 30.2 55.1 0.90 0.99 R1 

Lulu 1 3420 4.12 5.35 0.10 2.34 5.26 28.8 54.0 0.85 0.99 R1 
Adda 1 2917 4.43 3.59 0.27 2.61 8.05 25.6 55.4 0.70 0.50 R0 
WI 3816 0.41 0.50 0.40 R0 

R is Reichweite. For PI, Ps.i, and Reichweite, see Table 1, footnotes. 
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c m  -1 a n d  the  increase  in  the  in tens i ty  o f  these  b a n d s  
w i th  inc reas ing  a m o u n t s  o f  NH4 § as d e t e r m i n e d  by  
i so top ic  d i lu t ion .  N H 4 - c o n t a i n i n g  il l i tes were  de sc r ibed  
by  Higash i  (1978)  a n d  Sterne  et al. (1982).  Smal l  bu t  
s ignif icant  a m o u n t s  o f  Ca  were  de t ec t ed  in all samples .  
T h i s  Ca m u s t  b e  fixed b e t w e e n  layers,  because  n o  Ca 
mine ra l s  were de tec ted  by  e i the r  X R D  or  d i f ferent ia l  
t h e r m a l  analys is  w i th  de t ec t ion  o f  e v o l v e d  CO2 a n d  
because  the  exchangeab le  ca t ions  h a v e  b e e n  e x c h a n g e d  
by  N a  +. 

Analys is  o f  NH4+-satura ted  fine-clay f rac t ions  showed  
on ly  t races  o f  N a  +. Therefore ,  the  N a  § d e t e r m i n e d  in  
Na+-sa tu ra t ed  samples  (Tab le  6) m u s t  chiefly b e  ad-  
s o r b e d  on  exchangeab le  si tes (be tween  e x p a n d a b l e  lay- 
ers a n d  at  par t ic le  edges). 

T h e  mixed - l aye r  fo rmu lae  in  T a b l e  7 were  ca lcu la ted  
b a s e d  o n  the  fo l lowing a s s u m p t i o n s :  (1) the  ideal  cell 
c o n t a i n e d  two  oc t ahed ra l  a n d  four  t e t r ahed ra l  ca t ions  
pe r  O~o(OH)z uni t ;  a n d  (2) N a  § K § NH4 +, a n d  Ca 2§ 
were  p resen t  as in te r l ayer  ca t ions ,  M g  2§ Fe  2§ a n d  Fe  3+ 
as oc t ahedra l  ca t ions ,  Si 4§ as  t e t r ahed ra l  ca t ions ,  a n d  
A P  + as b o t h  oc t ahed ra l  a n d  t e t r ahed ra l  ca t ions .  T h e  
AlIV-occupancy was ca lcu la ted  as (4 - Si), a n d  the re -  
fore the  re la t ive  e r ro r  in  A1TM is g iven  by  Si/A1 w (rel- 
a t ive  e r ro r  in  Si). A s s u m i n g  a n  ana ly t ica l  e r ro r  in  Si 
o f  5%, the  re la t ive  e r ro r  in  AI TM was a b o u t  35%. T h e r e -  
fore, t he  I /S  fo rmu lae  ca lcu la ted  f r o m  the  A A S  da t a  
were  c o n s i d e r e d  inaccura te .  Acco rd ing  to the  f o r m u l a e  
in  Tab le  7, the  d o m i n a t i n g  oc t ahed ra l  ca t ion  was AI v~, 
a n d  pa r t  o f  t he  nega t ive  layer  charge  a rose  f r o m  te t -  
r ahed ra l  ApV-for-Si subs t i t u t ion ,  Genera l ly ,  a surp lus  

Figure 6. Mrssbauer spectra of illite/smectite samples ana- 
lyzed at room temperature. Experimental spectra = open cir- 
cles; simulated spectra = solid lines. 
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Table 7. Illite/smectite formulae calculated from atomic absorption spectrophotometry (AAS) data (Table 6) for illite/smectite 
samples from the North Sea. ~ 

Well Depth (m) Framework 

E1 3938 
GI 2609 
M8 2368 
UI 2542 

2716 
2899 

11 3371 
3908 

2/11-1 3877 
4548 

2/7-3 3365 
3789 
4178 

Lulu 1 3420 
Addal  2917 

Nao.4~Ko 37Cao.o2(Mgo 22Feo.2sAlt .5o)(Alo.52Si3.4s) 
Nao.ssKo.32Cao.o3(Mgo.27Feo.33Al ~ .30(Alo.44Si3.5,) 

(NH4)o 03Nao.56Ko.s4Cao.02(Mgo 29Feo.29Al~ 42)(A1042Si3.5s) 
(NH4)o.05Nao.50Ko.34Cao.02(Mgo 2,Feo.asAlj .38)(A10.465i3.54) 
(NH,)o 05Nao.63K~ 28Ca0 o,(Mgo 33Feo 3,A1, 33)(A104,Si3.s6) 
(NHa)o.oaNao.53Ko.35Cao ot (Mgo 29Feo.27Al~ 44)(A10.,6Si35,) 

Nao.48Ko.32Cao.o.(Mgo~gFeo.2:Alt.60)(Alo.57Si3.J 
(NH4)o.~TNao.50Ko 39Ca0 o~(Mgo 25Feo.20Al~.ss)(Alo.50Si3.50) 
(NH,)o 20Nao.50Ko.s6Cao.oo(Mgo ~Feo.~oAl~ ,4)(Alo ~Si3.4,) 

Nao.~sKo.37Cao.02(Mgo ,gFeo ~sA1, ~)(Alo ~Si3.,4) 
(NH4)o.o~Nao.59Ko.24Cao.o~(Mgo 2~geo.28All.4SXAlo.39Si~.6~) 
(NH4)o.22Nao.4sKo.~oCao.o3(Mgo.~Feo.~6Al~.~o)(Alo.6~Si3.34) 
(NH,0o.o~Nao.46Ko.,, Cao.o, (Mgoa,~Feo.~sAl~.66)(Alo.~Sia.,4) 

Nao.~oKo.34Cao.o~(Mgo 2~Feo.25Al~.s3)(Alo.6oSis.4o) 
Nao.s4Ko.29Cao.o2(Mgo.asFeo.3sAl~.37)(Alo.s~Si3.4s) 

The uncertainty in the determination of AI(IV) contents from the AAS data (see text) along with the presence of ~5% 
kaolinite limits the mineralogical significance of the total formulae. They are, however, useful for comparison with the nuclear 
magnetic resonance results. 

o f  interlayer cations compared with the total negative 
layer charge resulting from octahedral and tetrahedral 
substitutions is suggested by the formulae in Table 7. 
This surplus may have been due to cation adsorption 
at particle edges. Finally, it should be noted that the 
I/S samples contained a small amount  (~  5%) of  ka- 
olinite. 

DISCUSSION 

Comparison o f  data from chemical 
analysis and NMR 

The Si/A1TM and AIW/A1 vx ratios determined from 
deconvolution of  the 298i and 27A1 MAS spectra and 
calculated from the AAS analyses are summarized in 
Table 8. Also included in Table 8 are the results for 

the Si/A1 (At = A1TM + AlV~ ratios calculated from the 
N M R  data and AAS analysis. Because of  the error in 
Allv calculated from AAS (see above) the errors in the 
Si/AI TM and AIIV/AI vl ratios are high (2-3 and about 
0.1, respectively). Fair agreement, however, was noted 
between the ratios calculated from the AAS data and 
those determined from the N M R  spectra. The Si/Al 
ratios determined from AAS were considerably more 
accurate (about 10% accuracy) than those calculated 
from AAS for Si/Al TM and AIIV/A1 vI. The correlation 
between the Si/A1 ratios from AAS and N M R  was high 
(r = 0.97), and, thus, this ratio was probably deter- 
mined with high accuracy by both methods. The agree- 
ment between the AAS and N M R  Si/Al ratios shows 
that the Si/A1 ~v and AllY/A1 vI ratios were determined 
from N M R  with satisfactory accuracy, On the other 

Table 8. Comparison of Si/AI ratios in illite/smectite samples from the North Sea determined from atomic absorption 
spectrophotometry (AAS) and nuclear magnetic resonance spectroscopy (NMR). 

Si/Al tv AlW/AI va SUM ~ 

Well Depth (m) AAS J NMR 2 AAS NMR AAS NMR 

E1 3938 7 7.5 0.3 0.27 1.7 1.60 
G1 2609 8 11.7 0.3 0.17 1.9 1.72 

3441 10.1 0.22 1.78 
M8 2368 9 11.2 0.3 0.21 1.9 1.90 

2588 8.9 0.19 1.43 
2725 7.8 0.21 1.37 

U1 2542 8 9.6 0.3 0.24 1.9 1.87 
2899 8 11.0 0.3 0.21 1.9 1.90 

2/11-1 3877 6 5.8 0.3 0.35 1.6 1.50 
4548 6 6.4 0.4 0.34 1.7 1.64 

2/7-3 3365 9 10.7 0.3 0.23 1.9 2.02 
3502 8.3 0.23 1.52 
3789 5 5.0 0.4 0.38 1.4 1.38 

Lulu 1 3420 6 7.3 0.4 0.27 1.6 1.55 

Ratio determined by total chemical analysis by ALAS. 
2 Ratio determined by NMR spectroscopy. 
3 The Si/AI ratio represents the ratio Si/(A1 Iv + AlVI). 
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hand, the low accuracy of the Si/A1TM and AIW/A1 v~ 
ratios calculated from the AAS data is evident from 
Table 8. 

Finally, mutual agreement between the AIW/A1 w and 
Si/A1TM ratios determined from 27A1 and 19Si MAS NMR, 
respectively, was also suggested by the increase in the 
ApV/A1 vI ratio, i.e., greater substitution of AP+-for-Si 4+ 
in the tetrahedral sheet, was accompanied by a decrease 
in the Si/AI TM ratio (Table 4). 

Latt ice transformation during 
illite layer format ion  

Interlayer cations. Considerable K and NH4 were found 
in samples having a high Al-content (Table 6), prob- 
ably because K + and NH4 § are fixed between the 2:1 
layers if the negative charge resulting from tetrahedral 
*vml3+-for-Si4+ substitution is sufficiently high. Plots of 
% ( N H 4 ) 2 0  , % K 2 0  , and % NazO vs. P~ are shown in 
Figures 7A-7C. Adsorbed Na + decreased and fixed K + 
and, particularly, N H J  increased with increasing PI. 
Altogether, an increase in interlayer cations (moles of 
Na + + K + + NH4 +) with increasing PI was observed 
(Figure 7H). Fixation o fK  + and N H J  during illite layer 
formation thus resulted in a decrease in CEC. Fixed 
(K + + NH4 +) is plotted against P~ in Figure 7H; the 
curves of Hower and Mowatt (1966) and Srodofi et al. 
(1986) for fixed K + vs. amount  ofillite layers are shown 
for comparison. These two line segments are roughly 
parallel to the line segment drawn in the present in- 
vestigation. They suggest, however, that the I/S of 
Hower and Mowatt (1966) and Srodofi et al. (1986) 
contain per O~o(OH)2 about 0.05 K + more than K + + 
NH4 + amounts to in the present investigation at the 
same PI values. The range of Pz values covered by the 
investigation of Srodofi et al. (1986) permits conclu- 
sions to be drawn for the range 0-1.0 P~. Srodofi et aL 
(1986) proposed a kinked line with kinking at PI = 
0.55. The data of the present investigation were only 
statistically reliable at PI values >0.5 and therefore 
could not give similar information. 

I/S containing 80% illite layers from the Pleistocene 
to Eocene Gulf  Coast sediments contain 4-5% K20 
(Perry and Hower, 1972). Similarly, US containing 80% 
illite layers from Oligocene to Miocene Gulf  Coast sed- 
iments contain about 5.5% K20 (Hower et al., 1976). 
Late Cretaceous to Late Triassic I/S containing 20% 
smectite layers from the Canadian Sverdrup Basin con- 
tain 6.43% K20 (Foscolos and Powell, 1979). These 
percentages are greater than the 4.5% K20 at P~ = 0.8 
found in the present investigation, but agree with the 
total amount  of fixed cations found by us at this PI 
value [4.5% KzO + (NH4)zO equivalent to 1.5% K20]. 

Extrapolation of the plots in Figure 7 to PI = 1.0 
(100% illite layers) resulted in 5.3% KzO and in an 
(NH4)zO amount  equivalent to 2.8% K20 for I/S. This 
agrees well with the illite samples investigated by How- 
er and Mowatt (1966), but it is still far from that of 
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Figure 7. Elemental composition of illite/smectite samples 
plotted against P~. Symbols in A-G: Solid lines are regression 
lines, dotted lines delimit two standard deviations, + = R0- 
ordered, [] = R 1-ordered, and O = R3-ordered. A = %(NH4)20 
vs. PI; correlation coefficient of 0.83. B = %K20 vs. P~; cor- 
relation coefficient of 0.87. C = %NazO vs. P,; correlation 
coefficient of 0.81. D = ~ v s .  P~; point at 0.4 omitted 
in the regression analysis; correlation coefficient of -0.79. E 
= %MgO vs. P,; point at 0.4 omitted in the regression analysis; 
correlation coefficient of -0.90. F = %SIO2 vs. Pc; correlation 
coefficient of -0.87. G = %At203 vs. Pc; point at 0.4 omitted 
in the regression analysis; correlation coefficient of 0.86. H = 
equivalents ofNHJ,  K +, and Na + per O10(OH)2 vs. P~; sym- 
bols for ordering as in A-G; solid lines are regression lines 
(omitting the point at PI  0.4 for K + + N H 4 + ) .  - . . . . .  line of 
Srodofi et al. (I 986); . . . . . .  line of Hower and Mowatt (1968); 
correlation coefficient for (NH4 + K + Na) vs. P~ is 0.82; 
correlation coefficient for (NH, + K) v s .  PI  is 0.95. 

micas (10%; Deer et al., 1967). Thus, about 20% of the 
illite interlayer sites probably contained no fixed K + or 
NH4 +. 

Tetrahedral and octahedral cations. The variations in 
the percentages of Fe203, MgO, SIO2, and A1203 with 
PI are shown in Figures 7D-7G, respectively. Fe203, 
MgO, and SiO2 decrease, whereas A1203 increases with 
increasing PI. These Si, Mg, and A1 trends are similar 
to those found by Hower et al. (1976) for the Gulf  
Coast Oligocene-Miocene sediments. I/S from sample 
2/7-3,3365m deviated significantly from the general 
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Figure 8. A = illite/smectite (I/S) sample AlW/A1 vI ratios 
(from 27A1 nuclear magnetic resonance (NMR) spectroscopy) 
vs. Pt; correlation coefficient of 0.80. B = AlIV/(mlw -I- Si) I/S 
ratios (from 29Si NMR) vs. PI; correlation coefficient of 0.91. 
Solid lines are regression lines; dotted lines delimit two stan- 
dard deviations. The two points at PI 0.4 have been omitted 
from the regression analysis. 

trend in containing less Mg and Fe and more AI. From 
NMR, this sample had a higher tetrahedral charge 
compared with the other I/S samples. These deviations 
may be due to different parent material for the I/S. 
Hansen and Lindgreen (1989) concluded that this sam- 
pie is a bentonite originating from volcanic ash, where- 
as the other samples originate from detrital, R0-or- 
dered I/S with P~ ~0.65. According to Velde and 
Brusewitz (1986), I/S originating from volcanic ash has 
a larger tetrahedral charge than I/S in shales. Thus, the 
chemical results of the present investigation suggest 
that the I/S in sample 2/7-3,3365m formed from vol- 
canic ash. 

Finally, as mentioned above, the kaolinite content 
did not vary with P~ and thus did not influence the 
observed increase in A1 vl with increasing PI. 

Mrssbauer spectroscopy showed Fe to be chiefly in 
octahedral positions. The Fe2+/Fe 3+ ratio did not vary 
significantly with PI or degree of ordering, even if the 
I/S in which PI = 0.95 and ordering = R3 from sample 
2/7 - 3,3789 m contained more Fe 2 + (210/0) compared with 
the other I/S samples (14-18%). Generally, the appar- 
ent lack of variation in the Mrssbauer  spectral param- 
eters for the octahedral Fe 2+ and Fe 3+ with P~ indicate 
that the octahedral sheet did not change during for- 
marion of the illite layers. Mrssbauer chemical shifts 
and quadrupole splitting for the I/S from sample 2/7- 
3,3365m, however, did not deviate significantly from 
those of the four other samples investigated by Mrss- 
bauer spectroscopy, despite the fact that this sample 
was of presumeably different (volcanic) origin. There- 
fore, the broadness of the dominating Fe 3+ component 
may have made detection of an octahedral variation 
difficult. The loss of octahedral Fe and Mg may have 
been balanced by A1, which is in full agreement with 
the AI and Si tetrahedral and octahedral occupancies 
determined from N MR (Table 4). The AAS formulae 
(Table 7) and the increase in the AFV/A1 vI and AllV/ 
(AI TM + Si) ratios with increasing P~ (Figures 8A and 
8B show that the increase in A1 took place by A1- 
substitution in both the octahedral and tetrahedral 
sheets. 

Powers (1959) and Dunoyer de Segonzac (1970) pro- 
posed that an increase in PI is accompanied by a mi- 
gration of AI from octahedral to tetrahedral sites; hy- 
drothermal experiments by Frank-Kamenetski et al. 
(1979) supported this proposal. Contrarily, Howard 
(1981) found that A1 vI remained constant in I/S from 
shales and sandstones as AP v increased, and Srodofi et 
al. (1986) calculated that the octahedral charge re- 
mained constant during illite layer formation. The in- 
crease in A1 w and decrease in octahedral Mg and Fe 
observed with increasing P~ for the present I/S does 
not conform with the results of  Frank-Kamenetski et 
al. (1979), Howard (1981), or Srodofi et al. (1986). This 
could be due to the fact that a calculation ofoctahedral 
A1 from N MR (used in our investigation) is more ac- 
curate (see above) than a calculation from the total A1 
and Si content (used by these authors). It could also 
be due to differences in parent material and solution 
chemistry of the rocks. 

Dimensional lattice changes during illite layer forma- 
tion. The b-dimension of the 2:1 unit  as estimated from 
the position of the 060 reflection did not change with 
Pt, % A1203, or the Si/AF v ratio determined by NMR; 
however, the halfwidth decreased linearly with P~ and 
% A1203 and increased linearly with the Si/A1TM ratio. 

A continuous octahedral sheet constrains the ge- 
ometry of an attached tetrahedral sheet (Guggenheim 
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and Eggleton, 1987). The unconstrained tetrahedral 
sheet dimensions are probably larger than the corre- 
sponding octahedral dimensions (Bailey, 1984). The fit 
between a "larger" tetrahedral sheet and a "'smaller" 
octahedral sheet can be brought about by rotation of 
tetrahedra (Radoslovich, 1961). The lateral dimension 
of the octahedral sheet can be calculated from: boc,= 
3(M--O) X/-2, where M-O represents the mean octa- 
hedral cation-oxygen distance, and an unconstrained 
lateral  d i m e n s i o n  of  the te t rahedra l  sheet from: 
b(Si~_xAlx) ~ 9.15 + 0.74x (Guggenheim and Eggleton, 
1987). The degree of tetrahedral rotation a may be 
calculated from: cos a = bmeas/bid~ (Weiss et al., 1987), 
where bme~ is estimated from d(060) and biae~ is cal- 
culated from b(Si~_xAlx) ~ 9.15 + 0.74x. The following 
values can be calculated for I/S with P~ = 0.5 and P1 
= 0.95 in the present investigation: 

Pt = 0.50: b~, = 8.35 A b(Sit_xA10 
= 9.17 ~, bost = 9.00 A a = 11", 

Pi = 0.95: bo, = 8.14 A b(Sit_~Al~) 
= 9.28 A b~, = 9.00 ~ a = 14 ~ (2) 

The diagenetic cation substitutions in the octahedral 
sheet amounted to only V3 (calculated from Figure 8) 
of the octahedral cations and only V3 of these (Al3+-for- 
Mg 2+ or -Fe 2+ substitutions) influenced octahedral sheet 
dimensions. Thus, altogether the octahedral sheet di- 
mensions decreased slightly during diagenesis. The 
constant d(060) during tetrahedral Al-for-Si substitu- 
tion can be explained by an increased tetrahedral ro- 
tation from 11 ~ to 14 ~ 

Correspondence between X R D  and N M R  
The linear correlation shown in Figure 8B gives an 

increase of 0.28 AlW/(Si + A1TM) per 1.0 PI, i.e., of 1.1 
AP v for formation of a pure illite from a pure smectite. 
This is in good agreement with the difference between 
the end members of the mica-smectite series (Bailey, 
1984). The lines in Figure 8A and 8B, however, have 
zero AI TM at P~ values of 0.37 and 0.39, respectively. A 
value of A1TM of 0.69 per O~0(OH)2 at a Pj value of 1.0 
is calculated from the plot in Figure 8B. The value of 
0.69 for AP v at P~ = 1.0, an octahedral charge of about 
- 0 . 2  originating from substitution by Mg z§ and FC +, 
and a total charge of - 0 . 9  are all in agreement with 
the illite data of Hower and Mowatt (1966). If  the lines 
of the plots for % MgO and % Fe203 vs .  PI in Figures 
7D--7E are extended to intercept with the horizontal 
axis, the intercepts are at P~ = 1.3 for both lines. Re- 
cently, Altaner et al. (1988) found that the fraction of 
illite layers in I/S calculated from a9si NMR is signif- 
icantly lower than the fraction calculated from XRD. 
This is in agreement with the present NMR and XRD 
results for which the NMR spectra show a significantly 
higher A1TM content in smectite layers than should be 
expected from the XRD results. According to the plots 
of % MgO, % Fe203, mlIV/AlVI, and ApV/(AI vI + Si) 

vS. PI, the values for these compositional parameters 
at PI = 0 and P~ = 1 will be those of the ideal end 
members of the smectite-mica series, if the PI values 
from XRD are assumed to be about 0.35 too high. 
According to this assumption, RI  ordering will take 
place at a corrected Pt value of 0.8-0.35, i.e., at about 
0.5 which is the ideal value for this ordering. This 
supports the conclusion from combined N MR  and 
XRD data, i.e., illite layers differ from pure mica in 
having smectite sites. 

Charges o f  illite and smectite layers 
Eberl (1986) reported thermodynamical calculations 

on the K § for Na § ion exchange during smectite dia- 
genesis, assuming that illite layers formed by a solid- 
state transformation. He concluded that a cation in a 
smectite interlayer dehydrates in response to increasing 
interlayer charge and that, for the same charge, the 
smallest ion is fixed preferentially. The ionic radii for 
dehydrated NH4 § K +, and Na + are 1.43, 1.33, and 0.98 
A, respectively (Sterne et aL, 1982; Eberl, 1986). There- 
fore, if these ions are hydrated, Na(aq.) + has the largest 
radius and NH4(aq.) + the smallest, and Na(aq.) + re- 
quires the largest and NH4(aq.) + the smallest interlayer 
charge for dehydration. Application of the principles 
of Eberl (1986) to the NH4+-K+-Na + ion exchange and 
fixation during smectite diagenesis therefore results in 
the following sequence: at low smectite interlayer charge 
all cations are hydrated and NH4(aq.) § is sorbed with 
slight preference to K(aq.) +, and K(aq.) § is sorbed with 
slight preference to Na(aq.) +. With increasing interlayer 
charge, NH4(aq.) § is first dehydrated and then fixed 
highly preferentially to K(aq.) § and Na(aq.) +. With a 
further small increase in interlayer charge, K(aq.) § is 
also dehydrated and then fixed slightly preferentially 
to NH4 § but highly preferentially to Na(aq.) § The in- 
creasing amount  ofNH4 § at about PI = 0.7 (Figure 7A) 
may thus be explained from a preferential fixation of 
dehydrated NH4 + compared to K(aq.) + and Na(aq.) + at 
this PI level. 

For each illite layer formed (corresponding to an 
increase in P~ with 1.0) the total amount  of interlayer 
cations increase with 0.4 (Figure 7H) equivalents, the 
negative octahedral charge decreases with 0.55 (cal- 
culated from the decrease in divalent, octahedral cat- 
ions from Figures 7D and E and Table 5), and the 
negative tetrahedral charge increases with 1.1, all per 
O~o(OH)2 (Figure 8B). A contribution to the increase 
in octahedral charge through Fe 3+ reduction is not ap- 
parent in the present investigation. The octahedral 
charge reduction and the tetrahedral charge increase 
are due to AP + substitution, in the tetrahedral sheet 
for Si 4+ and in the octahedral sheet for Mg 2+ and Fe 
(mainly Fe3+). About % of the increase in octahedral 
AI occurs through substitution for Fe 3+, which does not 
decrease the layer charge. The net increase in negative 
charge of the 2:1 unit  is 1.1-0.55, i.e., 0.55, which 
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Figure 9. Ap~ (increase in P~ for glycolated illite/smectite 
specimens obtained by exchange of Mg 2§ with K § vs. PI for 
Mg2+-saturated specimens; correlation coefficient of -0.91. 
Solid line is regression line; dotted lines delimit two standard 
deviations. Symbols: + = R0-ordered; [] = Rl-ordered; O = 
R3-ordered iUite/smectite. 

corresponds reasonably well with the increase in in- 
terlayer cations of  0.4. Thus, the fixation of  0.75 mole 
NH4 + + K + per O1o(OH)2 is caused by a net charge 
increase of  0.55 and a migration of  a charge of  0.55 
from the octahedral to the tetrahedral sheet. This mi-  
gration causes the charge to interact with the interlayer 
cations with stronger coulombic forces and therefore 
makes fixation possible. The predominant ly  tetrahe- 
dral increase in charge with P~ is in agreement with 
previous results (Foscolos et aL, 1976; Eberl and How- 
er, 1976; Eslinger et al., 1979; Hower,  1981). 

Between 0 and 35% of  the layers found to be smectite 
in the Mg2+-saturated and glycolated specimens fail to 
expand with ethylene glycol after K+-saturation (Table 
1). Walker  (1961) found that K§ high-charge 
smectites fail to expand with ethylene glycol, in the 
same manner  as vermiculites.  Therefore, about half  of  
the smectite layers in Mg2+-saturated and glycolated or 
air-dry specimens must  possess a high charge. The re- 
maining smectite layers must  also possess a significant 
charge, as only one interlayer of  glycol forms in K § 
saturated specimens. The fraction o f  layers that are 
smectitic in Mg2+-saturated specimens but  which do 
not  expand with glycol after K§ is called Ap~. 
In Figure 9 AP~ is plot ted vs. P~, as determined for 
Mg2+-saturated specimens. The amount  of  high-charge 
smectite layers (Ap~) decreases linearly with increasing 
PI. An increase in PI by one unit  yields API = 0.53. 
Thus, diagenetic formation o f  one illite layer is accom- 
panied by disappearance of  half  a high-charge smectite 
layer. In  each sample, irrespective of  PI, about  half  the 
smectite layers are high charge and the other half  low 
charge. This indicates that the illite layers are not formed 
by dissolution o f  either low- or high-charge smectite 
layers. The observation can be explained, however, by 
a solid-state Al-for-Si substitution in all smectite lay- 

Muscovite 

, ~  o,. 
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Celadonite 1.0 0.5 0 Pyrophyllite 
Octahedro[ charge 

Figure 10. Triangular plot for calculated illite/smectite for- 
mulae. 

ers, whereby high-charge layers become illitic and half  
of  the low-charge layers become high-charge. The ob- 
servation can also be explained from a random dis- 
solution o f  smectite layers irrespective of  charge. 

Hower and Mowatt  (1966) plot ted the elementary 
composit ions o f  mixed layers o f  illite and montmori l -  
lonite in a ternary celadonite-muscovite-pyrophyll i te  
diagram. They found that the contours for the per- 
centage of  expandable layers were parallel to the mica 
side. Thus, the percentage of  expandable layers appar-  
ently are not  affected by tetrahedral-octahedral  charge 
distributions, but  only by the total  charge. The US 
samples o f  the present investigation are plotted simi- 
larly in Figure 10. The contours for ordering o f  the I/S 
in Figure 10 are parallel to the pyrophyUite-celadonite 
side. Thus, the ordering results from increasing tetra- 
hedral charge through Al-for-Si substitution, a result 
that is also suggested by the high degree of  correlation 
between AI(4)/[Al(4) + Si] and PI in Figure 8B. 

Reaction pathways for formation of  
illite from smectite layers 

The two different models  proposed for the formation 
of i l l i te  layers from smectite layers have structural im- 
plications for the illite and smectite layers in rocks. In  
the transformation model,  illite is formed from smec- 
rite through a solid-state A13+-for-Si4+ substitution and 
a subsequent K + fixation between 2:1 units. This results 
in smectite layers having varying amounts  o f  tetrahe- 
dral substitution. In  the neoformation model,  illite lay- 
ers crystallize and grow from a solution. This yields 
neoformed illite crystals with the same substitution in 
all illite layers and indicates that  the top and bo t tom 
tetrahedral sheets in the illite crystals have an illitic 
degree of  Al-for-Si substitution. 

The results on the Upper  Jurassic I/S conform with 
those o f  Altaner  et al. (1988) in the finding of  smectitic 
sites in so large of  amounts  that  they must  be present 
in 2:1 units, which, according to XRD,  are illitic. Ac- 

https://doi.org/10.1346/CCMN.1991.0390108 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1991.0390108


Vol. 39, No. 1, 1991 Structural transformations in North Sea illite/smectite 67 

cording to 29Si NMR, the increase in tetrahedral A1 
results exclusively in Si(1A1) sites (Figure 1 IA), where- 
as the number  of Si(2A1) sites appears to be constant 
in the P~ interval investigated (Figure 11B). This shows 
that the Al-for-Si substitution during illite formation 
is ordered, in agreement with the finding of Besson et 
al. (1974) that tetrahedral substitution in illites and 
partly in vermiculites is ordered. 

The presence of smectitic sites in illite layers and 
illitic sites in the smectite layers show that the illite 
layers have been formed by a transformation and not 
by a neoformation from smectite layers. A transfor- 
mation mechanism can explain the constant ratio be- 
tween high- and low-charge smectite layers irrespective 
of degree of diagenesis. It also explains the increased 
fixation ofNH4 § at P1 = 0.7 as described above. The 
solid-state A13§ substitution, however, occurs both in 
the tetrahedral sheets for Si 4§ and in the octahedral 
sheets for Mg 2§ Fe 2+, and Fe 3§ during the formation 
of illite layers from smectite layers. 

The presence of iUite and smectite layers, each with 
their specific tetrahedral and octahedral substitution 
pattern as implicated in the neoformation model by 
Nadeau et al., (1985) should result in two distinct 060 
reflections. The observed sharpening of the 060 reflec- 
tion with increasing PI agrees better with the transfor- 
mation model. According to this model, different de- 
grees of substitution in illite and smectite layers 
produces more uniformly substituted illite layers at 
high Prvalues.  As a result, the 060 reflection should 
become sharper, as has been observed. 

The solid-state transformation was previously pro- 
posed for I/S in shales and bentonites by Hower et al. 
(1976). The neoformation mechanism was proposed 
by Nadeau et al. (1985), who investigated diagenetic 
illitic clays from sandstones and bentonites. The neo- 
formation mechanism for sandstone iUitic clays has 
been well documented by scanning electron micros- 
copy (Nadeau et al., 1985). It also appears a likely 
mechanism for bentonitic parent material, in which 
smectite must form by dissolution of the volcanic glass. 

In the present investigation, however, the formation 
of i11ite layers from smectite layers during burial dia- 
genesis in the Upper Jurassic claystones most likely 
was a solid-state transformation. The mechanism for 
illite layer formation may therefore be different de- 
pending on the type of parent material (sandstones, 
bentonite, or claystone) and diagenesis (burial diagen- 
esis, hydrothermal transformation, or low-grade meta- 
morphism). The amount  of smectite layers in the I/S 
parent material can be a determining factor. Thus, con- 
version of a pure smectite to I/S containing 85% illite 
layers requires six times the A1 compared with the A1 
required for conversion of the North Sea parent ma- 
terial containing 70% illite layers in I/S (assuming a 
similar percentage of I/S in the bulk rock). Therefore, 
a dissolution of smectite layers may be necessary for 
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l~igure I I. A = Si(l A[)/~Si ratios ofi l l i te/smectite (l/S) sam- 
ples (calculated from 29Si nuclear magnetic resonance (NMR) 
spectroscopy) vs. Pt; correlation coefficient of 0.85. B = Si(2A1)/ 

Si ratios of I/S calculated from 29Si NMR) vs. P~; correlation 
coefficient of 0.17. The two points at 0.4 are omitted from 
the regression analysis. 

pure smectite parent material, whereas a solid-state 
transformation is possible for the I/S of the North Sea. 
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