
American Mineralogist, Volume 72, pages 935-942, 1987

High-resolution 2eSi Nvrn spectroscopy of 2zl layer silicates:
Correlations among chemical shift, structural distortions,

and chemical variations

Cn,qnLBs A. Wnrss, Jn., SrnrHnN P. AluNnn, R. Ja,vrns Krnxpl,rnrcx
Mineral Physics Program, Department of Geoloey,IJniv:liiff:lt;fi:,;1:I"*"1History Building, 1301 west Green street,

Ansrnrcr

With increasinglvAl substitution and increasing total layer charge, the'?eSi Nrrrn chemical
shifts for specific types of Q3(nAl) sites in 2:l layer silicates become progressively de-
shielded (less negative). This deshielding is related to both structural distortions caused
by mismatch of the tetrahedral and octahedral sheets and compositional variations in the
octahedral sheet. One measure of structural distortion in 2: I layer silicates, the amount of
tetrahedral rotation within the crystallographic a-b plane, is linearly correlated with 'zesi

chemical shift. As noted by previous authors, '?eSi chemical shifts in trioctahedral phyllo-
silicates are systematically more negative (more shielded) than '?eSi chemical shifts in
analogous dioctahedral structures. This diference is apparently related to a greater total
electronegativity ofthe octahedral cations coordinated to the apical oxygen in trioctahedral
phases (three Mg'?* cations) as compared to dioctahedral phases (two Al3* cations). One-
for-one substitution of Mg for Al in dioctahedral phases and Li for Mg in trioctahedral
phases (both ofwhich increase negative 2:l-layer charge) causes deshielding at Si, appar-
ently owing to a lower average electronegativity ofthe cations coordinated to the apical
oxygen. Different interlayer cations cause only small changes in the "Si chemical shift.
These correlations should be important in the structural analysis of smectite, vermiculite,
illite, and mixed-layer clay minerals and provide information for these phases that is not
easily obtainable from X-ray diffraction.

INrnooucTtoN octahedral and trioctahedral phases were examined. Di-
This paper presents the results of a'?eSi vrnss Nrrln (mag- octahedral layer silicates have four octahedral cations and

ic-angle sample-spinning nuclear magnetic resonance) two vacancies per unit cell, and the cation is primarily
spectroscopic study of phyllosilicate minerals (including AI3*, whereas trioctahedral layer silicates have six octa-
clay minerals) that demonstrates that there are systematic hedral cations per unit cell and the cation is primarily
relationships between the'?eSi Nun chemical shifts of spe- Mg'?* with or without Fe3* and Fe2*.
cific Q3(nAl) sites and compositional and structural pa- Throughout this paper we use the standard Q-(nAl)
rameters related to tetrahedral-sheet distortions for those notation for the local Si environment. In this notation.
phases. These parameters include IvAl substitution, total m : the number of bridging oxygens to which a Si is
layer charge, and the amount of tetrahedral rotation with- coordinated, and n : the number of tetrahedral Al C"Al)
in the crystallographic a-b plane. These relationships al- next-nearest neighbors to Si.
low relatively easy, direct determination of these param- The "Si chemical-shift correlations for sheet silicates
eters, provide information about clay minerals that cannot are broadly similar to those for framework silicates (e.g.,
be obtained by diffraction methods, and complement well Smith and Blackwell, 1983; Smith et al., 1984; Miigi et
the ability of 2eSi rr'less NMR spectroscopy to provide data al., 1984; Kirkpatrick et al., 1985). For framework sili-
about the nature of short-range Al-Si order-disorder in cates, the best correlations relate the 'zeSi chemical shift
phyllosilicates(Lipsicasetal., 1984; Herreroetal., 1985; to average Si-O-T bond angle per tetrahedron (T : Si,
Barron et al., 1985; Kirkpatrick and Weiss, 1987). Our Al), whereas for the sheet silicates (this study), the best
results also confirm the systematic differences in ,eSi correlations are with total layer charge and parameters
chemical shift between dioctahedral and trioctahedral related to the distortion ofthe tetrahedral sheet. Because
phyllosilicatespreviouslyobserved(Mtigietal., 1984; Sanz we have the most data for Q'(0AD sites, we will only
and Serratosa,1984; Kirkpatrick et al., 1985). describe the correlations for these types of sites. There

The samples chosen for this study are monomineralic, are also similar trends for the other Q3(nAl) sites ofset
Fe-poor, and chemically representative of most of the to less negative chemical shifts by 3 to 3.5 ppm due to
major subgroups of 2: I layer silicates (Table l). Both di- I"Al for I"Si substitution (see, e.g., Kirkpatrick et al., 1985).
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TneLe 1. Names, localities, structural formulae, fractions of ,uAl substitution, and total layer charge for 2:1 silicates examined in
this study

Name (ref.)- Locality Structural formulat rvAl + si

Total
rayer

charge

'vAl

1 . Pyrophyllite (1)
2. Montmorillonite (2)
3. Montmorillonite (3)
4. Montmorillonite (3)
5. Montmorillonite (3)
6. Montmorillonite (6)
7. Beidellite (4)
8. Muscovite (1)
I NH4-mica (1)

10. Paragonite (1)

11 .  Ta l c  ( 1 )
12. Hectorite (4)
13. Saponite (4)
14. Fluorophlogopite (1)
15. Mg-vermiculite (5)
16. Chlorite (6)

Robbins, North Carolina
Crook County, Wyoming
Apache County, Arizona (Cheto)
Otay, California
Polkville, Massachusetts
Gonzales County, Texas
Black Jack mine, ldaho
Synthetic
Synthetic
Synthetic

N.A.
Hector, California
Ballarat, California
Synthetic
Llano County, Texas
New S Wales. Australia

Dioctahedral
A14siso4(oH)4
M jro[(Alr..M go *F€lrFeAt,XSi7 r?Alo oJOro(OH)o]
Miol [(Al,,5M go 76Fe815Fe63,XSi, ?rAlo r,)O,o(OH)4]
Mirs[(Al, 6eM91 roFe81,XSi?,5Alo os)Os(OH)i]
Mi2B[(Al, 7sMg1 l6Feo roXSi? 4Alo 1r)Oro(OH)ll
N .A.
Milo[(Als 11Mgo o,Feo 6XSi6 esAl, os)O,o(OH)4]
K,[At4(Si6At')O'o(OH)4]
(NH4)'[At4(Si6At')O'o(OH)1]
Na,IAlo(Si6Al,)Om(OH)4]

Trioctahedral
MguSirO*(OH)o
Mi@[(M94 ?oli1 1sFeo 6)5iBOro(OH)n]
Mo*s[(Mgs,sAlo lrFeoo?XSi6 Jl1 15)Oro(OH)4]
GIM g6(Si"Al,)O,o(OH, F).1
Mlei[(Mgs 66A10 30Feo ot(Sis 72A12 2s)O2o(OH)4]
N.A.

0 0
0.004 0.70
0.026 1.01
0.006 3 1 .25
0.015 1 .28
N.A. N.A.

0 . 1 3 1  1 . 1 0
0.250 2.0
0.250 2.O
0.250 2.O

0 0
0 1 .04
0j44 0.98
0.250 2.0
0.285 1.97
0.224 N.A.

Note.'N.A. : not available.
'Reference for chemical analysis: (1) Assumed stoichiometric composition; (2) stucki et al. (1984); (3) Schultz (1969); (a) Callaway and McAtee

(1985); (5) Shirozu and Bailey (1966); (6) Chemical analysis not available.
t Sources of chemical analyses are from references noted in column one-

ExppnrntnnrAl DETATLS

The "Si NMR spectra were obtained at a frequency of 71.5
MHz with a "home-built" Fourier-transform Nvn spectrometer
based on a 8.45-T, 3.5-in.-bore solenoid (Oxford Instruments,
Osney Mead, Oxford, England) and a variety of digital and ra-
diofrequency electronics, including a Nicolet (Madison, Wiscon-
sin) 1280 data system, 2938 pulse programmer, and a Diablo
model 40 disc system for data storage (Diablo Systems, Inc.,
Haywood, California). The experimental conditions were similar
to those of K. A. Smith et al. (1983), except that tetramethylsi-
lane (TMS) was used as an external chemical-shift standard. The
'zeSi chemical shifts are reported in parts per million (ppm) rel-
ative to TMS. Our chemical shifts are similar to those previously
published, but to minimize uncertainty due to interlaboratory
standardization (about 1 ppm), we use only our data and those
ofLipsicas et al. (1984) for saponites in the correlations.

X-ray diffraction data were determined using a Siemens D-500
powder diffractometer with CuKa radiation. The b-axis dimen-
sions were measured using the do- peak. Goniometer speed was
0.50 20/min.

TneLe 2. Approximate lateral dimensions (4d"") of unconstrained
octahedral and tetrahedral sheets

Composi-
tion Mineral (A) Example

8.64, 8.67
9.36
9.15 .

9.335-
9.52.
9.705-

A number of smectite and vermiculite samples were Cs satu-
rated by reacting 0.5-1.0 g of clay with about 50 mL 0.lMCsBr
solution at 60oC for 2 h; the process was repeated for a total of
three times with fresh solutions. The samples were then rinsed
in distilled water three times. After rinsing, the samples were
dried in an oven at 60'C.

Srnucrun.q.L DISToRTTONS IN 2:1 LAYER STLICATES

Because much of the variation in 'eSi Nrtln chemical
shifts in layer silicates appears to correlate with distortions
in the tetrahedral sheet, we present a briefdescription of
these distortions in 2:l layer silicates. Distortions occur
because most layer silicates have tetrahedral sheets with
ideal lateral dimensions (a and D axis) that are different
from the ideal lateral dimensions oftheir octahedral sheet
and because layer silicates have planes of oxygen atoms
shared by both sheets. To fit the sheets together, the lat-
eral dimensions of both sheets must be the same, and
thus, the sheets become distorted.

Table 2 gives b-axis dimensions for unconstrained oc-
tahedral and tetrahedral sheets from Guggenheim (1984).
Free octahedral sheets exist in hydroxide minerals such
as gibbsite and brucite, and these are used to estimate the
D-axis dimensions of ideal octahedral sheets in layer sil-
icates. Although free tetrahedral sheets do not exist, ideal
b-axis dimensions (shown in Table 2) can be calculated
using AI-O bond lengths of 1.748 and Si-O bond lengths
of 1.618 with hexagonal geometry (Bailey, 1980). The
D-axis dimensions ofideal tetahedral sheets increase sys-
tematically with increasing IVAI substitution. Structural
analyses indicate that tetahedral sheets are larger than
octahedral sheets in all 2:l layer silicates, including talc
(Bailey, 1980), suggesting that either actual Si-O bond

A(OH)3 Gibbsite, bayerite
Mg(OH), Brucite
sioolo

(si3ADo1o
(si,At,)o1o
(siAt3)o1o

Pyrophyllite, talc, hectG
rite, montmorillonite

Muscovite, phlogopite
Margarite
Clintonite

Notei Adapted from Guggenheim (1984).
* 

Od*l from qsi, 31,) = 9.15 A + 0.74x.



WEISS ET AL.: '?eSi Nrvrn SPECTROSCOPY OF 2:1 LAYER SILICATES

TABLE 3. Structural parameters for 2:1 layer silicates examined in this study

937

h
vob

Name (ref.)- (A)
4-*" z avg. T-O

f) f) (A) (A)
4*, dcar

(A) c)

1 . Pyrophyllite (1)
2. Wyoming montmorillonite
3. Cheto montmorillonite
4. Otay montmorillonite
5. Polkville montmorillonite
6. Texas montmorillonite
7. Beidellite
8. Muscovite (2)
9. NH4-mica

10. Paragonite (3)

1 1. Talc (4)
12. Hectorite
13. Saponite
14- Fluorophlogopite (5)
15. Mg-vermiculite (6)
16. Chlorite (7)

Dioctahedral
9 .150  11  9
9 .153  11  . 0
9 .169  11  . 2
9 .155  10 .6
9 . 1 6 1  1 1  0
9 .1s5  10 .6
9.247 14.s
9 3 3 5  1 5 5
9.335 14 I
9.335 17.6

Trioctahedral
9 .1s0  0
9 .150  6 .1
9.250 6.6
9.335 9.7
9.361 9.9
1 3 1 6  9 . 0

8.955
8.986
8.993
8.999
8.993
8.999
8.954
8.995
LO24
8.896

9.166
9.099
9.188
9.201
9.222
9.201

1 1 1 . 1

1  10 .4

109.2

1  10 .5
1  10 .5
110.7

9.28

9.33

9 .16

9.28
9.33
9.33

10.2 109.4 1.62 9 .16

11.4

16.2

3 4

T 5

6.4

1 .62

1 .64

1 .65

1 .64
1 .65
1 .65

Note: Parameters include 4*, bo*,, cce, q"*s,7, average T-O bond lengths, and bid. Sources of structure
refinements from noted references.

. (1) Lee and Guggenheim (1981); (2) Gilven (1971); (3) Lin and Bailey (1984); (4) Rayner and Brown (1973);
(5) Hazen and Burnham (1973);(6) Shirozu and Bailey (1966); (7) Joswig et al. (1980).

lengths in certain phyllosilicates are larger than the values
assumed in Table 2 or that the octahedral sheet in Mg-
trioctahedral phases is smaller than that of brucite.

In phyllosilicates, there are three ways in which the
lateral dimensions of the tetrahedral sheet may be re-
duced to match the size of the octahedral sheet: (l) ro-
tation ofadjacent tetrahedra in opposite directions within
Ihe a-b plane (ZvyagSn, 19571, Radoslovich, 196l), (2)
thickening ofthe tetrahedral sheet in the c*-axis direction
by increasing the Ono,".,-tetrahedral cation-Ob"".r bond an-
gle (Bailey, 1980), and (3) decreasing Si-O bond lengths.

The amount of tetrahedral rotation is described by the
average deviation (a) of the T-O-T (tetrahedral cation-
basal oxygen-tetrahedral cation) angle from hexagonal
symmetry. An a value of 0o represents undistorted tet-
rahedral sheets, and cY may increase to a theoretical max-
imum value of 30'. The value ofd-"u" is directly measured
from a structural refinement, and a-. is determined using
the relationship cos a-. : boo"/b,o.u,, where D"o" is the D-axis
dimension measured using xno data and 0,o"., is deter-
mined using the relationship given in Table 2.

For example, given a stoichiometric muscovite com-
position, bic""r : bsio zsab ,r: 9.335, and from Table 3, boo. :
8.995. Therefore, d"ur": cos '(8.995/9.335): 15.5'. Table
3 lists b.o,, bid,ut, d" r,, and a^.." values for the minerals
examined in this study. Because stacking disorder and fine
grain size limit structural refinements of clay minerals,
there are structural refinements, and therefore d-""" values,
for only seven minerals examined in this study.

The lateral dimensions of a tetrahedral sheet can be
reduced by an increase in the average apical oxygen-tet-
rahedral cation-basal oxygen bond angle (z), the amount
of reduction being measured by the difference between r
for an ideal tetrahedron and the observed value. An un-
distorted tetrahedron has a r value of 109"28'. The seven

7 values listed in Table 3 are determined from structural
refinements. Because r must be obtained from structural
refinements, it is not available for most clay minerals.

Finally, the lateral dimensions of a tetahedral sheet may
be reduced by decreasing T-O bond lengths. Hexagonal
geometry and Si-O and Al-O bond lengths of 1.618 and
1.148 A, respectively, were assumed in the calculation of
b,o.",. Measured T-O bond lengths (Table 3) represent av-
erage values including both Si-O and Al-O and allow an
alternative method of calculating undistorted D-axis di-

TeeLe 4. 2ssi MAss uran chemical shifts for Qs(nAl) sites in 2:1
layer silicates examined in this study

o3(0Ar) o3(1AD O3(2Ar) O3(3AD

1 .
2.

3.

4 .

8 .
o

1 0 .

1 1 .
1 2

1 2

14 .
1 5 .

Dioctahedral
Pyrophyllite -95.9
Wyomingmontmorillonite -93.5
Cs*-saturated -93.7
Cheto montmorillonite -94.1

Cs*-saturated -94.1
Otay montmorillonite -93.4
Cs*-saturated -93.6
Polkville montmorillonite 93.3
Texas montmorillonite -93.6
Cs*-saturated -94.1
Beidellite -92.6 -88.4
cs*-saturated -93.0 -88.5
Muscovite -89.5 -86.5 -83.0
NH4-mica -90.5 -87.1 -84.1
Paragonite -88.9 84.2 80.6

Talc
Hectorite
Cs*-saturated
Saponite
Cs*-saturated
Fluorophlogopite
Mg-vermiculite
Cs*-saturated

Trioctahedral
-98.5
-94.2
-94.9
-95.6 -90.7
-95 .6  - 91 .0
-92.9 -89.2
-92.9 -88.7
-92.8 -89.2
-91 .2  - 87 .0

-84.8
-85.0
-85.6
-84.6
-85.3
-83.2 79.416. Chlorite



938 WEISS ET AL.: '?eSi r.n',rn SPECTROSCOPY OF 2:1 LAYER SILICATES

tr Dioct (Mg-bearing)

O Trioct [Li-bearing)
I Dioct (Mg-tree)

O Trioct (LFfreel
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# o f  Mg (D ioc t )  o r  L i  (T r ioc t )  A toms

Fig. I . ':eSi chemical shifts of Q3(0Al) sites vs. either number
of YIMg2+ cations in dioctahedral clays (open square symbols) or
vILi* cations in trioctahedral clays (open circle symbols). Sam-
ples with nearly pure Si tetrahedral sheets and octahedral sheets
of variable composition are plotted with closed symbols (py-
rophyllite and talc). Lines in this figure and all others are least-
squares fits to the available data points (Table 5). The point
marked with a * is Wyoming montmorillonite, for which the
higher Fe content may cause a less negative chemical shift due
to paramagnetic effects.

mensions using the equation b',u*':4(2XT-O) (Bailey,

1980). The Dfo"", values are similar to b,o"u, values (Table

3), and it seems likely that the indiyidual Si4 and A1-O

bond lengths in clay-mineral structures are similar to
the assumed values of 1.618 and l.748 A, respectively.

Rnsulrs AND DrscussroN

Effects of octahedral cations

The "Si NMR chemical shifts of our samples (Table 4)
support the observations of Miigi et al. (1984) and Kirk-
patrick et al. (1985) that Mg-trioctahedral phases have
more shielded (more negative) chemical shifts than their
dioctahedral counterparts. For minerals that difer only
by the composition of the octahedral sheet, the chemical
shift of the Mg-trioctahedral phase is always 2-3 ppm
more negative (described by the chemical-shift difference,
A; e.9., for muscovite and fluorophlogopite, A : 3.4; for
pyrophyllite and talc, L: 2.6; for beidellite and saponite,
A : 2.7). This relationship holds for Si in each type of

Q3(nAl) site.
These differences can be related to the electronegativity

of the other cations to which the oxygen atoms of a Si
tetrahedron are coordinated, which in turn affects the de-
gree of s hybridization of the oxygen-bond orbitals (En-
gelhardt and Radeglia, 1984). Based on simple quantum-
chemical calculations that take into account the para-
magnetic contribution to the chemical shift (Engelhardt
and Radeglia, 1984, and references therein), the chemical
shift becomes more shielded as the cation electronegativ-
ity (EN) increases. This relationship is D : -aEN + D,
where d is the '?eSi chemical shift and a and b are empirical
constants.

The Si sites in Mg-rich trioctahedral phases differ from

tr Dioct [Mg-bearing)
O Trioct (Li-bearing)

I Dioct (Mg-fr€o)

a Trioct (Li-free)

A v e .  T e t r a h e d r a l  R o t a t i o n  A n g l e  ( q )

Fig. 2. 'zeSi chemical shifts of Q{0Al) sites vs. calculated
average tetrahedral rotation angle (a) in trioctahedral and di-
octahedral phyllosilicates. Open symbols represent samples with
significant octahedral substitution, and solid symbols represent
samples with no substitution of Li for Mg (trioct.), or Mg for Al
(dioct.).

those in Al-dioctahedral phases in that each apical oxy-
gen is coordinated to 3 Mg atoms rather than 2 Al atoms.
The total electronegativity ofthe cations in the octahedral
sheet coordinated to the apical oxygens is 3.6 (3Mg x
1.2) for pure trioctahedral phases compared to 3 (2Al x
1.5) for pure dioctahedral phases. For phases with similar
tetrahedral sheets, then, the shielding at Si should be
greater for trioctahedral phases than for dioctahedral
phases, in agreement with the observed relationships.

Similarly, for minerals with a fixed octahedral occu-
pancy (i.e., two in dioctahedral phases or three in trioc-
tahedral phases), atom-for-qtorz substitution of an ele-
ment with a lower electronegativity should cause a
corresponding deshielding at Si. Because Mg (EN : 1.2)
is less electronegative than Al (EN: 1.5), substitution of
I Mg atom for I Al atom in the octahedral sheet of a
dioctahedral mineral should cause deshielding at Si. One-
for-one substitution of Li (EN : 1.0) for Mg in a trioc-
tahedral mineral should have the same effect. These pre-
dictions are consistent with observed variations (Fig. l).
For trioctahedral phases, one-for-one Li-for-Mg substi-
tution (i.e., in hectorite vs. talc) causes about a 4 ppm
deshielding, and for dioctahedral phases (the montmoril-
lonites vs. pyrophyllite), one-for-one Mg-for-Al substi-
tution causes about a 2 ppm deshielding. Because the
octahedral occupancy remains constant, this atom-for-
atom substitution increases negative 2:l-layer charge.

The only sample that does not fit the general trend for
the dioctahedral minerals in Figure I (Wyoming mont-
morillonite) has a significantly deshielded'?eSi chemical
shift relative to the other montmorillonites. We interpret
this deshielding to be due to the relatively large substi-
tution of Fe3* into the octahedral sheet of this sample
causing a paramagnetic deshielding at Si. Such a para-
magnetic deshielding due to Fe-for-Mg substitution also
occurs in olivines (Grimmer et al., 1983).



Cat ion  -  Oxygen Bond Leng ih

Fig. 3. "Si chemical shifts of Q(0AD sites vs. average tet-
rahedral cation<xygen bond length in trioctahedral and diocta-
hedral sheet silicates.

Correlations with tetrahedral distortions

As for framework silicates (e.9., K. A. Smith et a1.,
1983, J. V. Smith et al., 1984;Miigi et al., 1984), the,eSi
chemical shifts for phyllosilicates vary systematically with
several structural parameters. Because trioctahedral phases
are more shielded than dioctahedral phases (as discussed
above), there are separate correlations for dioctahedral
and trioctahedral phases.

The'zeSi chemical shifts for Q3(0Al) sites generally show
progressive deshielding with increasing distortion of the
tetrahedral sheet as measured by d"a" fig. 2). For trioc-
tahedral phases, this correlation is well defined. For di-
octahedral phases, the relationship is also well defined
except for the montmorillonite samples, which show the
reverse trend. The 'zeSi chemical shifts also show progres-
sive deshielding with increasing a*"", values (Tables 3 and
4), although the data are limited.

For all the phases except the montmorillonites, in-
creased o values are caused by substitution of A13* for
Si"* in the tetrahedral sheet and, to a lesser extent, by
changes in the interlayer cation.

The differing trend for the montmorillonite samples
appears to be related to differences in the composition of
the octahedral sheet in these minerals. Pyrophyllite and
the Wyoming, Cheto, Polkville, and Otay montmorillon-
ites represent a series ofdioctahedral phases with nearly
pure Si-tetrahedral sheets, but with increasing Mgz+-1' .-
Al3* substitution in the octahedral sheet (Table 1). As
described above, this atom-for-atom substitution retains
the dioctahedral character ofthe mineral and develops a
larger negative 2:l-layer charge. Because these samples
contain no detectable IVAI, their ideal tetrahedral sheets
should have the same size. However, the substitution of
Mg2* for Al3* in the octahedral sheet causes an enlarge-
ment of the octahedral sheet due to the larger ionic radius
of Mg2t (0.80 A) relative to Al3* (0.61 A). This expansion
of the octahedral sheet reduces the mismatch between the
tetrahedral and octahedral sheets, thereby reducing the a
value. Simultaneously, the increasing Mg content of the

939

O Dioct (Mg-b€aring)

O Trioct [LFbearing)
I  Dioci  [Mg-lreeJ

a Trioct (LFfree)

Fig.4. ,esi chemical ##[iilll) sites vs. amount of I'Al
substitution in trioctahedral and dioctahedral sheet silicates.
Symbols labeled with " 1 " are saponites from Lipsicas et al. (1 984).

octahedral sheet causes a deshielding at Si due to the
decreasing average electronegativity of the octahedral cat-
ions coordinated to the apical oxygen.

We expected to find that the'zeSi chemical shifts of both
dioctahedral and trioctahedral phases become progres-
sively deshielded with increasing r, and there does appear
to be a rough trend (Tables 3 and 4). Talc for instance,
has the least distorted tetrahedron (lowest z) and the most
shielded (negative) chemical shift. Paragonite and mus-
covite have larger r values and less shielded chemical
shifts. Because we have not examined the same samples
for which the structure refinements were obtained and
because there is a large range of z values for the same
phase (Bailey, 1984), this correlation is at present poorly
defined.

The 'zeSi chemical shift also seems to become deshield-
ed with increasing average T-O bond length (Fig. 3), but
there are few reliable data. As discussed above, individ-
ual Si-O and Al-O bond lengths appear to be relatively
constant for these six minerals in Figure 3. Hence, the
deshielding with increasing average T-O bond length in
Figure 3 may simply reflect deshielding due to increasing
tetrahedral distortion caused by greater IVAI substitution.

Correlations with rvAl/(Si + rvAl) and total layer charge

For minerals with the same type of octahedral sheet,
I"Al-for-Si substitution is the main cause of distortion in
the tetrahedral sheet and, thus, correlates well with pro-
gressively deshielded'?eSi chemical shifts (Fig. 4). The data
for the Mg-rich trioctahedral phases (talc, saponite, fluo-
rophlogopite, and vermiculite) fall along the lower line in
Figure 4, which also includes the data of Lipsicas et al.
(1984) for synthetic saponites. The data for the diocta-
hedral phases (pyrophyllite, beidellite, muscovite, NHo-
mica, and paragonite) fall along the upper line. The data
for dioctahedral and trioctahedral smectites with nearly
noIvAl substitution, but with signifrcant Mg2*-for-Al3* or
Li+-lbr-Mg2r substitution, cluster between -95 and -93

ppm (open symbols in Fig. 4). As discussed above, the

WEISS ET AL.: 2eSi rvn SPECTROSCOPY OF 2:1 LAYER SILICATES
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T o t a l  L a y e r  C h a r g e

Fig. 5. '?eSi chemical shifts of Q3(0Al) vs. total layer charge
in trioctahedral and dioctahedral sheet silicates. Symbols marked
with "1" are saponites from Lipsicas et al. (1984).

':eSi chemical shifts of these minerals are deshielded be-
cause ofcompositional variations in the octahedral sheet
(Fig. l). These separate trends for dioctahedral and trioc-
tahedral phases parallel the separate trends ofdeshielding
at'??Al with decreasing Si/(Si + '"Al) in dioctahedral and
trioctahedral sheet silicates (Kinsey et al., 1985).

The'?eSi chemical shifts also become systematically de-
shielding with increasing total layer charge (Fig. 5). For
trioctahedral phases, total layer charge increases owing to
tetrahedral Al-for-Si substitution and octahedral Li-for-
Mg substitution, whereas for dioctahedral phases, total
layer charge increases owing to tetrahedral Al-for-Si sub-
stitution and octahedral Mg-for-Al substitution. As dis-
cussed above, all ofthese substitutions cause deshielding
at Si. Because substitutions in both the octahedral and
tetrahedral sheets produce an approximately similar
amount of deshielding at Si, the chemical shifts for the
montmorillonite and hectorite samples, which correlate
poorly with NAV(Si + ryAl) (Fig. 4), correlate much better
with total layer charge.

Ernrcrs oF THE INTERLAYER cATIoN

The dioctahedral micas with similar tetrahedral Al
substitution and overall layer charge (muscovite, NHo-
mica, and paragonite) have slightly different'eSi chemical
shifts (up to 1.6 ppm) for their Q.(0Al) sites. These dif-

TneLe 5. Coefficients and constants for linear-regression cor-
relations of 2eSi chemical shifts (6"5i) vs. struc-
tural and compositional parameters (fl

Relationship a

-60  -80PPM-1O0  -120

Fig. 6. '?eSi uess NMR spectrum of a synthetic illite with 30/o
smectite layers. The peak at 94.2 ppm is smectite Q{oAD, the
peak at -86.5 ppm is illite Q3(1Al), and peak at -83.0 ppm is
illite Q3(2Al). Smectite Q(1A1) and illite Q{OAI) peaks overlap
at about -89.5 ppm.

ferences appear to be related to diferences in a caused
by differences in the radii of the interlayer cations. Be-
cause Na+ (1.02 A in 6-fold coordination, Shannon and
Prewitt, 1969) is smaller than K* (137 A in 6-fold co-
ordination, Shannon and Prewitt, 1969) or NHo* (1.61 A
in 6-fold coordination, Khan and Baur, 197 2), the oxygen
framework rotates slightly to coordinate more closely with
Na*, causing a larger a value for paragonite and a slightly
less shielded'eSi chemical shift relative to muscovite or
NHo-mica. These distortions allow the interlayer cation
to be 6-fold coordinated by oxygen.

The effect of varying exchangeable cations in the inter-
layers of clays appears to be small, although we have
examined the effect of only Cs*. The 'eSi chemical shifts
of the Cs*-saturated samples (Table 4) show small and
nonsystematic differences from those of the natural sam-
ples, which probably contain mostly Na* or Ca2* in the
interlayer. Thompson (1984) found similar results for a
montmorillonite sample exchanged with a variety of cat-
ions. Cs* (1.70 A in 6-fold coordination, Shannon and
Prewitt, 1969) is larger than the common interlayer cat-
ions of clay minerals (Na, Ca, or K). If the effects of the
interlayer cation were significant, they should be greatest
for the Cs*-saturated samples owing to heavy-atom ef-
fects, as discussed by Webb (1983). In the heavy-atom
effect, the nuclear shielding of a lighter atom (e.g., Si) is
influenced by a change in its electronic energy levels due
to spin-orbit coupling interactions from a neighboring
heavy nucleus (e.9., Cs). The magnitude of the interaction
depends approximately on the fourth power of the nucle-
ar charge.

Appr,rcl.rroNs AND coNcLUSIoNS

The results of this work and previous studies show
clearly that variations in the 2eSi chemical shifts of phyl-
losilicate phases are closely related to the amount of
structural distortion of the tetrahedral sheet, and to the
chemical variations in the octahedral and tetrahedral
sheets, and that the effects of exchangeable interlayer cat-
ions are small. Previous investigations have demonstrat-
ed the well-known deshielding at Si with increasing num-
ber of IvAl next-nearest neighbors (e.g, Kirkpatrick et al.,
l  985) .

Because of these relationships, the compositional pa-
rameters Si/(Si + I"Al) and total layer charge can be es-

o

o
N

@

R 2

vrMg substitution (dioct.)
Tetrahedral rotation (dioct.)
Tetrahedral rotation (trioct.)
'vAl substitution (dioct.)
rvAl substitution (trioct.)
Total layer charge (dioct.)
Total layer charge (trioct.)

2.132
1.297
0.572

25.052
20.601
3.198
2.731

-95.492
- 1 10.843

-98.734
-95.894
-98.498
-96.441
-98.092

0.806
0.897
0.959
0.960
0.991
0.875
0.935

Nofe.- Equations are of the form d'?esi : aP + b (see Figs. 1, 2, 4, and
5 for plots).

- 86 .5

O Dioct (Mg-bearingl

O Trioct [Li-bearing]

I  Dioct (Mg-freeJ

O Trioct (Li-tree]
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timated quite well from the',Si Q3(nAl) chemical shifts
(Table 5). Layer charge in smectites and vermiculites is
closely related to properties such as swelling, cation-ex-
change capacity, and catalysis. Nvrn analysis provides an
important new method of determination of layer charge
in these minerals.

In addition, Nvrn analysis of layer charge has important
applications to petrologic studies of clay minerals such as
mixedJayer illite/smectite. Development of high layer
charge in the smectite component of illite/smectite has
been suggested to occur in K-deficient environments, in-
cluding deeply buried sandstones (Howard, l98l) and al-
tered basalts (Howard and Roy, 1985). Using 2eSi Nrvrn
data, layer charge of the illite and smectite components
of illite/smectite can be estimated independently.

An example of this latter application is the interpre-
tation of the 2eSi r{N{n spectrum of a synthetic illite with
30lo smectite layers as determined by X-ray diffraction
(Fig. 6). The smectite Q{OAD peak has a chemical shift
of -94.2 ppm, and the illite Qr(lAl) peak has a chemical
shift of -86.4 ppm, similar to that for muscovite (Ko-
marneni et al., 1986). In this analysis, we use the Q3(lAl)
peak of illite because the smectite Qr(lAl) and illite
Q'(0Al) peaks overlap. The chemical shifts indicate a to-
tal layer charge per formula unit of 0.75 for the smectite
component and 2.0 for the illite component, in agreement
with the Al-rich composition of the starting gel. The in-
version recovery technique ofBarron et al. (1985) allows
separate detection of the illite and smectite peaks and
may make similar interpretations even more useful.

The results reported here also verify the differences in
'?eSi chemical shifts between trioctahedral and dioctahe-
dral 2:l phyllosilicates of similar total layer charge and
tetrahedral-sheet composition. We interpret this in-
creased shielding for trioctahedral phases to be due to the
effect of increased electronegativity of the cations coor-
dinated to the apical oxygen of the Si tetrahedron. In
addition, we have found that atom-for-atom substitution
of "IMg for "IAl in dioctahedral phases and "tl-i for utMg

in trioctahedral phases produces significant deshielding
at Si consistent with a decrease in the average electro-
negativity ofthe cations coordinated to the apical oxygen.
Quantitative corroboration ofthese ideas based on quan-
tum-chemical calculations is needed but difficult at pres-
ent (Tossell and l-azzeretti, 1986). The relatively large
differences in 2'Si chemical shift between di- and trioc-
tahedral phases may help to understand better whether
smectite minerals from saline and alkaline lakes consist
ofseparate dioctahedral and trioctahedral phases or one
phase of intermediate character (e.g., Jones and Weir,
l  e83).
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