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Solid-state°Si MAS NMR studies of illite and illite-smectite from shale
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ABSTRACT

A new method to extract quantitative information from poorly resolf&dnagic-angle spinning
(MAS) nuclear magnetic resonance (NMR) spectra of natural mixed-layer illite-smectite (I-S) clays
is presented. The Si-Al distribution in layered aluminosilicates are used to link the inten$hg2s of
resonances from all3Al) sites f1= 0, 1, 2, 3) to the tetrahedral layer aluminum substitution by
applying Loewenstein’s aluminum avoidance principle (no Al-O-Al linkages) extended to ensure a
homogeneous distribution of charge. In addition, correlations be#&ierhemical shifts and the Al
substitution are established for illite resonances by computer fitting of well-resolved phyllosilicate
spectra. Combination of these two constraints led to a general procedure for iterative fii8ig of
MAS NMR spectra of clay minerals containing high-charge (illite-like) and low-charge (smectite-
like) sites. The applicability of the new method is demonstrated for two I-S samples from Cambrian
black shale in the Baltic area and two I-S samples from Upper Jurassic oil-source rock in the Central
Trough of the North Sea. In combination with data from XRD and chemical analysis, the results from
2Si MAS NMR enables determination of the composition for the entire I-S particles.

INTRODUCTION using spectra from standard minerals to obtain correlations be-

High-resolution solid-state NMR spectroscopy has becorfi¥een the?9S? chemical shift and the tetrahedral_ Al substitution.
a powerful tool in studies of the composition and structure BASed 0rF*Si NMR spectra of I-S from Cambrian black shale
natural and synthetic aluminosilicates (Kinsey 1985; Engelhafiftd shale from North Sea Upper Jurassic oil source rocks, we
and Michel 1987). In particul&®Si anc’Al magic-angle-spin- demon_strate thatlmporta_nt_lnformatlon about the d_lagenet'lc trans-
ning NMR have provided important information on the Si anfgrmation of smectite to illite layers may be obtained using the
Al distribution (i.e., Si/Al ratios and ordering) in tetrahedral anB€W approach for spectral analysis.
octahedral sites, on sequences of charged sheets, and on struc- SAMPLES AND SAMPLE PREPARATION
tural distortions and compositional variations for a variety of -
phyliosilicates (e.g., vermiculite, montmorillonite, and margarite) Five natural phyllosilicate samples were used: a Na- and
and mixed-layer illite-smectite (I-S) minerals (e.g., rectorite%""‘“cr_I rectorite from Beatrix Mine, South Africa (sample 1);
(Barron et al. 1985a, 1985b; Herrero et al. 1985, 1989; Weis@ehla-rich rectorite from Garland County, Arkansas, U.S.A.
al. 1987; Altaner et al. 1988; Jakobsen et al. 1995). In contrdSgMPple 2); a 2Millite 1160 from Russia (sample 3); an I-S
much less attention has been devotédSiaMAS NMR studies WTSB from Tioga, New York, U.S.A. (sample 4); and a
of shale I-S that exhibits poorly resolv&8i NMR spectra with Smectite SAZ from Arizona, U.S.A. (sample 5, available
broad resonances (7—10 ppm at half height) as compared tdfpugh the Clay Minerals Society). The I-S in sample 1 con-
example those of rectorites (2—3 ppm). sists of paragonite, margarite, ano_l smectite Iayers,' while the I-

In the present work, we demonstrate how simple rules for tRell Sample 2 consists of smectite and paragonite layers as
Si-Al ordering combined with correlations between Al substit}Vell &s an impurity of 10 w6 (15 mobb) dickite (Jakobsen et
tions and®Si chemical shifts make it possible to extract detailed- 1995). Furthermore, we analyzed the Cambrian black Alum
information on the structure and composition of illite and smecti@#@le samples SL from Slagelse, Denmark (sample 6) and ES
layers in I-S from shale. These rules are established usfffn Estonia (sample 7) as well as the Upper Jurassic shale
Loewenstein’s aluminum avoidance principle (Loewenstein et gfimmeridgian-Volgian age) samples 87 and 89 from the.Cen-
1954) along with a homogeneous distribution of charge (Herréfg! Through of the North Sea (samples 8 and 9, respectively).

etal. 1985, 1989) to determine #@i intensity distributions and The shade samples were pre-treated with sodium hypochlorite
at pH 9.0 and 100C for removal of organic matter and with

sodium dithionite, sodium bicarbonate, and sodium citrate to
*E-mail: ncn@kemi.aau.dk remove aluminum and iron oxides and oxyhydroxides. Finally,
t Present address: Laboratory for Biomolecular NMR Spectrdge samples were centrifuged and the I-S fraction was isolated
copy, Department of Molecular and Structural Biology, Scienesing the ethanol-water procedure described by Buzagh and
Park, University of Aarhus, DK-8000 Aarhus C, Denmark.  Szepesi (1955).
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NMR SPECTROSCOPY 1

The*Si MAS NMR spectra were recorded on a Varian XL- a
300 NMR spectrometer (7.1 T, 59.59 MHz f88i) using a % Si(0AI)
home-built MAS probe with 7 mm PSZ (partially stabilized 08 4
zirconia) rotors. The spectra were obtained using single-pulse
RF excitation employing a pulse width ofps for a field
strength of 50 kHz, 5-60 s recycle delay to ensure quantitm 0.6 -
tively reliable spectra, and MAS with a spinning speed in the
range 5-7 kHz*Si isotropic chemical shifts are relative to_S
external TMS. Numerical calculations and iterative fitting o@
experimentaf®Si MAS NMR spectra were carried out using &
home-made FORTRAN-77 simulation program combined with
the MINUIT optimization package (James and Roos 1977). This
allows appropriate combinations of Monte Carlo, Simplex, and
steepest-descend multivariate optimization. All calculations
were performed on a Sun ULTRA-SPARC-1 workstation.

RESULTS AND DISCUSSION
Si-“Al distribution

As discussed in detail (Vega 1983; Engelhardt and Michel
1987; Baron et al. 1985b; Herrero et al. 1985), the distribution
of Si and Al in the tetrahedral sheets of silicates, and thereby
the relative intensities of the fo#iSi(nAl) resonances from __
the different (nAl) sites, obey the restrictions imposed by=
Loewenstein’s rule (LR) (Loewenstein et al. 1954). Furtheé
more, there is evidence that the Al cations are homogeneou?yfy
distributed as described by Herrero et al. (1985, 1989) in terins
of their so-called Homogeneous Distribution of Charges (HDC)
model. Combination of these two models forms an essential
element in our method used for the analysis of complex, poorly
resolve®Si MAS NMR spectra. The reason is that the inten-
sities of the fou?*Si (nAl) resonances become dependent on a
single variable, i.e., the degree®Al substitution x =4Al/ e .
(WAl + Si) in the tetrahedral sheet, rather than four indepen- 0.1 0.2 0.3 0.4
dent variables. X

By combining the simulation procedures proposed by Barron o ) .
et al. (1985b) and Herrero et al. (1985), it is a straightforward FIGURE 1. Relanve_ signal intensities calpulated for the founsi,

. . " . =0, 1, 2, and 3, signal components?8i MAS NMR spectra of
matter to relate the signal intensities according to LR and H

del d trated in Fi 1. The simulati b aluminosilicates with different tetrahedral aluminum contertYAl /
modaels as demonstrated in Figure 1. The simulauons are + Si). The dots correspond to simulated distributions of Si and Al

on a square matrix with 1300 tetrahedral sites in hexagoRg}orging to 4) Loewenstein's rule and) homogeneous distribution
patterns, which for a given x are filled with Si and Al in a ranss charges. The solid lines ig)(result from the well-known binominal
dom manner. Subsequently, the Si and Al positions are intei#stributions (Engelhardt et al. 1987; Herrero et al. 1989), while those in
changed to reduce the number of Al-O-Al linkages. For LB) result from fitting of the signal intensities using ninth order
this procedure is continued until all Al-O-Al bridges are repolynomials with the coefficients listed in Table 1 (see text).

moved. For HDC the ordering is further improved to ensure a

homogeneous distribution of the local charge (fAl). For

example, the number of hexagons with 0 or 3 Al is minimizdgor HDC the intensities may be fitted to a high-order
when x is between 1/6 and 1/3. For both models the simulatipolynomium in order to obtain numerical expressions for the
leads to four signal intensiti@fSi(nAl)] for any value ofx. signal intensities as functionxfThe resulting intensity curves
For LR the signal intensities relate favorably to the well-knoware given in Figure 1b and the corresponding coefficients in
binominal formulas (I8)%, 3p(1-p)?, 3p*(1-p) andp® [p =“AIl/  Table 1. We note that the HDC intensity curves presented by
Si =x/(1-X)] for I[Si(nAl)] with n=0, 1, 2, and 3, respectively,Herrero et al. (1989) differ marginally from those in Figure 1b,
as indicated by the solid lines in Figure 1a (Engelhardt et alost likely because of slightly different criteria when defining
1987; Herrero et al. 1989). Minor discrepancies between ttetails in the local balance of charge. It is also noted that the
binominal distribution and the simulated intensitiesda10.35 difference between LR and HDC mainly lies in the increased
may be attributed to difficulties in distributing Al randomly inl[Si(1Al)] for HDC at low Al contents. In the following our
the hexagonal pattern when the concentration of Al is larggpectral analysis is based on the HDC model.
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TaBLE 1. Coefficients a; for the homogeneous distribution of charge (HDC) model

n 0 1 2 3 4 5 6 7 8 9

0 1.01 -3.78 4.02 2.4 —22.7 53.5 71.6 443.1 -2186.7 1969.5
1 -0.01 3.47 1.81 -17.5 —49.4 —49.2 89.4 645.5 1587.4 —4086.6
2 —-0.04 2.12 -25.4 77.9 168.4 -578.0 21.9 —659.7 2215.9 —353.5
3 0.01 -0.33 3.57 -13.2 17.6 -35.3 73.1 256.4 380.0 -1387.9

9
Note: a;is for the ninth—order polynomials l[Si(nAI)] = Za,vx’ relating the intensity for the four Si(nAl) resonances, n=0, 1, 2, 3, to the tetrahedral layer
aluminum substitution x. =

FIGURE 2.%°Si MAS NMR spectra of the
four standard illite and I-S samples L, b)
2, (©) 3, and @) 4. The upper traces represent
experimental spectra, the second uppermost
traces the results of our new approach to
iterative spectral analysis in terms of the
individual resonances given below the
calculated spectrum, and the bottom trace the
difference between the experimental and
calculated spectra. lllite is represented by
dotted curve, smectite and dickite by dashed
curve, and margarite by dash-and-dot curve.
The calculated spectra correspond to the
parameters given in Table 2.

e\ A S\
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29Si chemical shift vs. SIfAI ratio ion-oxygen bond lengths, and cation substitution in the octa-
According to Kinsey et al. (1985) and Weiss et al. (198Tedral sheet can be neglected (Weiss et al. 1987).
the isotropic®Si chemical shiftgd,,) for layer silicates with To establishd,, vs. x correlations for relevant $iAl) sub-
identical octahedral sheets display strong correlations witlitutions we have analyzéisi MAS NMR spectra for a se-
structural distortions induced by variation in the Al content fares of typical illite and I-S samples. Our analysis involves one
the tetrahedral sheets. Provided accurate correlations carpbee illite sample, one I-S, and two rectorites exhibiting simi-
established empirically, this feature may greatly facilitate simiar structural parameters but different Al substitution. Samples
lation and iterative fitting of*Si MAS NMR spectra for natu- with a relatively high illite Al substitutionx(= 0.2—-0.35) and
ral clay minerals. In this manner, the chemical shifts describingrrow?Si resonances (2—3 ppm) were selected to ensure well-
the various SifAl) substitution patterns may be related to theesolved SiAl) resonances fon =0, 1, and 2. By simulation
value ofx for the sheet alone instead of independent variablesthe experimenta’Si MAS NMR spectra for these samples
for the various resonances. This simple correlation assumes {R&d. 2) using iterative fitting with free variation of line posi-
minor dependences &f,on interlayer cations, tetrahedral cattions, shapes, and intensities, linear correlations betdgen
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-75 \ HDC model and the illite resonance frequencies torough
_— the &, vs. X, correlation the number of variables is reduced to
80 P ] 13. Among these are the structurally important I/S ratiand
o - B Xs along with 10 variables describing the width and shape (speci-
85 - A / fied to a mixed Lorentzian/Gaussian line shape) for the five
P dominant resonances.
= / /m/ g The line widths and Lorentzian/Gaussian fractions, reflect-
- T ing the chemical shift dispersions and the transverse relaxation,
// depend on the structure of the second coordination sphere and
o5 the presence of paramagnetic impurities (Engelhardt and Michel
- 1987). Reasonable estimates (initial values) and limiting values
0 01 02 03 04 o5 have been obtained empirically by iterative fittingi MAS
X NMR spectra for a variety of clay minerals and model samples.
For example, the SAZ smectite (sample 5) reveals a Si(0Al) reso-
FIGURE 3.Correlation between illité¢’Si isotropic chemical shifts nance with a line width of 230 Hz, which imposes a starting
(8s0) and the tetrahedral aluminum contendetermined from the yajye and a realistic upper limit of about 300 Hz for the line
experimental spectra in Figure 2. The correlations correspond to Si(Ofiih To allow variations in the local order and cation composi-
(circle), SI(1AI) (square), Si(2Al) (triangle), while the dashed lin ion of the samples and to avoid local minima in the root-mean-

corresponds to a previous Si(0OAl) correlation from Weiss et al. (1987). " . .
The following correlations are obtained by linear regression (correlati quare (RMS) deviation between experimental and simulated

coefficient for linear regression in parenthesi)[Si(0Al)] = 33.7x  SPeCtra, the iterative fitting initially restricts variation of the I/S

—99.2 ppm R2= 0.992) 3 [Si(1Al)] = 29.7x —93.4 ppm R2= 0.962), Tatio,x, andxs to the typical ranges of 0.8-1.0, 0.17-0.25, and
andd.[Si(2Al)] = 31.8x, — 90.5 ppm 2= 0.935). 0.03-0.1, respectively. Subsequently, all 13 parameters are set
free within less restrictive limits in the iterative fitting.

5. (ppm)
\
\
\
\
\

© .90

I-S structures

andx, for the three relevant Si@l) resonances have been es- As a first demonstration of the applicability of the proce-
tablished as shown in Figure 3. For comparison, Figure 3 atlre for spectral simulation and iterative fitting described above,
includes the Si(OAl) correlation earlier presented by Weiss we have analyzed th&i MAS NMR spectra of the standard |-
al. (1987). The slight difference between the two Si(0Al) cof and illite samples (samples 1-4) as shown in Figure 2. The
relation curves could be ascribed to differences in the octalegtimum simulated spectra and the contributing resonances are
dral sheets. The available model samples did not allow simikivown below the experimental spectra. The two rectorites
correlations for the Si(3Al) resonance to be derived. (samples 1 and 2, Figs. 2a and 2b) represent typical 2:1
Our modeling is based on tetrahedral sheets of low-chamjgyllosilicates for which high-resolutiéfSi MAS spectra may
smectite (havings values between 0.0 and 0.05) and illitebe obtained and standard spectral analysis allows determina-
Two-phase I-S models have formed the basis for the vast rtian of parameters for comparison with those resulting from
jority of studies of clay minerals described so far. Howeveour new approach. The 1160 illite (Fig. 2c) and the WT5B I-S
Drits et al. (1997) based on XRD studies of the I-S samples @fg. 2d) samples, provide examples’&i MAS NMR spec-
and 89 recently suggested an alternative model with additiotra exhibiting less favorable resolution. For all samples itera-
contributions from high-charge smectite and vermiculitéve fitting results in calculated spectra which compare well
interlayers. I-S may even be composed of tetrahedral shegith the experimental spectra (see difference plots). For the
having a continuous degree of substitution in the ragge rectorites we obtain parameters for the composition of the il-
0.0-0.18. This structure can result from solid-state substitite, paragonite, smectite, and margarite layers (Table 2) which
tion of Al for Si until dehydration and fixation of interlayerare essentially equal to those reported previously (Jakobsen et
cations takes place and illite interlayers are formed, the solal- 1995). Considering the 1160 illite and the WT5B I-S samples

state interlayer transformation (Drits et al. 1997). the calculated spectra indicate a significantly larger amount of
] ] ) ) o smectite than the small amounts expected to be present in an
Numerical simulations and iterative fitting illite and to the amounts found by XRD. We attribute the addi-

Considering 1-S¥Si MAS NMR spectra may contain up totional amounts of smectite measured by NMR to smectite sub-
eight resonances each associated with a frequency, line widtftution patterns in the top and bottom tetrahedral sheets of
line-shape function, and intensity. These parameters along wihie coherent scattering domains (Altaner et al. 1988; Jakobsen
the I/S ratio lead to 33 variables relevant for analysis throughal. 1995). For theN; illite 1160 (sample 3) and the WT5B I-
iterative fitting. The number of free variables may be reduc&l(sample 4) the calculated spectra correspond!t@é\Biatios
to 20 by considering only Si(0Al) and Si(1Al) resonances withf 3.1 & = 0.24) and 4.2x = 0.19), respectively, for the illite
fixed line positions for smectite (-93.5 and —88.1 ppm, respdetrahedral sheets. The!3Kl ratios of 3.4 and 5.6 determined
tively) and using fixed resonance frequency (-79.6 ppm), lily NMR for the whole samples of 1160 and WT5B, respec-
width, and line-shape function for the low-intensity Si(3Al}ively, are in good agreement with the values of 3.0 and 5.0
illite resonancex = 0.2). Furthermore, by coupling of the il-determined by total chemical analysis (V.A. Drits, personal
lite and smectite resonance intensitiesqtand xsusing the communication).



LAUSEN ET AL.: *Si NMR OF ILLITE-SMECTITE 1437

The performance of our new approach for the analysis of lomances from illite and smectite as demonstrated in Figure 4. The
resolution®Si MAS NMR spectra is demonstrated in Figure 4orresponding parameters are given in Table 2.
by iterative fitting of the spectra for Cambrian and Jurassic I-S. For all samples, the $lAl ratio in the illite layers is deter-
Clearly, these spectra would be extremely difficult to analyzeined to be close to 4.0 with a variation of 0.4 corresponding
using standard spectral curve fitting procedures to obtain inféo-a variation o#2% in the Al substitution. This conforms well
mation about structure and composition. Employing iteratiweith calculations based on chemical analysis as do the signifi-
spectral analysis based on the HDC model andghes.x cor-  cantly lower Al substitution in the smectite layers. Of greater
relations, it is possible to resolve the spectra in terms of regaterest is the proportion of illite layers being influenced by

TABLE 2. Composition of rectorite, illite, smectite, and I-S from Cambrium black shale and North Sea Upper Jurassic oil-source rock
shale (see text)

Ilite

Sample llliteywr* llitexrpt Paragoniteyys* Margarite ywe* Smectiteyys* Dickite X, (Si/MANE  xs (Si/#ANT N§ Top and

(%) (%) (%) (%) (%) (%) bottom
1. Beatrix rectorite 20 17 63 0.31(2.23) 0.02 (40) 10 I
2. Arkansas rectorite 39 46 15# 0.32 (2.16) 0.03 (32) 8
3.1160 80 20 0.24 (3.12) 0.17 (4.9)
4. WT5B 77 87 23 0.19 (4.22) 0.02 (40)
5. SAZ 100 0.03 (30)
6. ES 81 88 19 0.18 (4.44) 0.03 (33) 6.8 0.40
7.SL 89 96 1 0.20 (3.91) 0.04 (24) 7.7 0.42
8. 87 80 80 20 0.20 (4.03)  0.02 (40) 5.1 0.80
9.89 85 84 16 0.21(3.66) 0.08 (11) 5.3 0.89

Note: 95% confidence intervals for the structural parameters of samples 6-9 are estimated by investigating the RMS values around the global
minima resulting in the following precisions; illite content + 0.04, x; £+ 0.005, and xs + 0.05.

* Proportion of tetrahedral sheets determined by NMR.

T Proportion of interlayers determined by XRD.

1 x = MAI /(WAI +Si) calculated using sw“‘Alzsil[s'(nAI)]/ ’ﬁbm[&(nm)].

§ Average number of 2:1 layers in the coherent scattering domains determined by XRD.

|| 6% margarite + 4% paragonite (Jakobsen et al. 1995).

# Jakobsen et al. 1995.

FIGURE 4. Si MAS NMR spectra of
natural shale clay minerals frona)(
Estonia (sample 6) and) Slagelse,
Denmark (sample 7) as well as mixed I-S
layer clay minerals from Upper Jurassic
oil-source rock €) 87 (sample 8) andlj
89 (sample 9) obtained from the Central
Trough of the North Sea. The traces below
the experimental spectra (upper trace)
contain optimum calculated spectra, their
components, and the difference between
experimental and calculated spectra. The
calculated spectra were obtained using the
novel approach for spectral analysis
described in this work and correspond to
the parameters given in Table 2. Symbols
are as in Figure 2.
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diagenesis in the claystones. The smectite to illite transforntdrarged sheets as well as about physical properties such as
tion provides information about sedimentation and oil generswelling, cation-exchange capacity, and catalytic capability.
tion. It is therefore of interest to determine the illite content
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