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Solid-state 29Si MAS NMR studies of illite and illite-smectite from shale
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ABSTRACT
A new method to extract quantitative information from poorly resolved 29Si magic-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 intensities of 29Si
resonances from all Q3(nAl) sites (n = 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 between 29Si chemical 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 fitting of 29Si
MAS NMR spectra of clay minerals containing high-charge (illite-like) and low-charge (smectitelike) 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
29
Si MAS NMR enables determination of the composition for the entire I-S particles.

INTRODUCTION
High-resolution solid-state NMR spectroscopy has become
a powerful tool in studies of the composition and structure of
natural and synthetic aluminosilicates (Kinsey 1985; Engelhardt
and Michel 1987). In particular, 29Si and 27Al magic-angle-spinning NMR have provided important information on the Si and
Al distribution (i.e., Si/Al ratios and ordering) in tetrahedral and
octahedral sites, on sequences of charged sheets, and on structural distortions and compositional variations for a variety of
phyllosilicates (e.g., vermiculite, montmorillonite, and margarite)
and mixed-layer illite-smectite (I-S) minerals (e.g., rectorite).
(Barron et al. 1985a, 1985b; Herrero et al. 1985, 1989; Weiss et
al. 1987; Altaner et al. 1988; Jakobsen et al. 1995). In contrast,
much less attention has been devoted to 29Si MAS NMR studies
of shale I-S that exhibits poorly resolved 29Si NMR spectra with
broad resonances (7–10 ppm at half height) as compared to for
example those of rectorites (2–3 ppm).
In the present work, we demonstrate how simple rules for the
Si-Al ordering combined with correlations between Al substitutions and 29Si chemical shifts make it possible to extract detailed
information on the structure and composition of illite and smectite
layers in I-S from shale. These rules are established using
Loewenstein’s aluminum avoidance principle (Loewenstein et al.
1954) along with a homogeneous distribution of charge (Herrero
et al. 1985, 1989) to determine the 29Si intensity distributions and
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using spectra from standard minerals to obtain correlations between the 29Si chemical shift and the tetrahedral Al substitution.
Based on 29Si NMR spectra of I-S from Cambrian black shale
and shale from North Sea Upper Jurassic oil source rocks, we
demonstrate that important information about the diagenetic transformation of smectite to illite layers may be obtained using the
new approach for spectral analysis.

SAMPLES AND SAMPLE PREPARATION
Five natural phyllosilicate samples were used: a Na- and
Ca-rich rectorite from Beatrix Mine, South Africa (sample 1);
a Na-rich rectorite from Garland County, Arkansas, U.S.A.
(sample 2); a 2M2 illite II60 from Russia (sample 3); an I-S
WT5B from Tioga, New York, U.S.A. (sample 4); and a
smectite SAZ from Arizona, U.S.A. (sample 5, available
through the Clay Minerals Society). The I-S in sample 1 consists of paragonite, margarite, and smectite layers, while the IS in sample 2 consists of smectite and paragonite layers as
well as an impurity of 10 wt% (15 mol%) dickite (Jakobsen et
al. 1995). Furthermore, we analyzed the Cambrian black Alum
shale samples SL from Slagelse, Denmark (sample 6) and ES
from Estonia (sample 7) as well as the Upper Jurassic shale
(Kimmeridgian-Volgian age) samples 87 and 89 from the Central Through of the North Sea (samples 8 and 9, respectively).
The shade samples were pre-treated with sodium hypochlorite
at pH 9.0 and 100 °C for removal of organic matter and with
sodium dithionite, sodium bicarbonate, and sodium citrate to
remove aluminum and iron oxides and oxyhydroxides. Finally,
the samples were centrifuged and the I-S fraction was isolated
using the ethanol-water procedure described by Buzagh and
Szepesi (1955).
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