
American Mineralogist, Volume 79, pages 250-260, 1994

2sMg nuclear magnetic resonance spectroscopy of minerals and related inorganics:
A survey study
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ABSTRACT

The 25Mg MAS NMR spectra of 18 minerals and related inorganic compounds are
reported, including representative carbonates, hydroxides, 2:l and l:l phyllosilicates, ol-
ivine, and pyroxene. Most of the spectra, which were acquired ar ll.7 T and MAS speeds
of about 20 kHz, show evidence of second-order quadrupolar line shapes, and all are
influenced to a greater or lesser extent by base-line distortion effects. Various spectral
processing methods that compensate for these base-line distortions are discussed.

Spectral simulations have enabled estimates to be made of the nuclear quadrupole cou-
pling constants and electric field gradient tensor asymmetry parameters. In those minerals
for which reliable simulations could be made and for which good structural data are also
available, better correlations are found with structural parameters reflecting the angular
distortion of the rulMg site than with simple octahedral bondJength parameters.

INtnonucrroN

Because of its applicability to nuclei such as Si and Al,
solid-state nuclear magnetic resonance spectroscopy with
magic angle spinning (MAS NMR) has proved to be an
invaluable technique for investigating minerals, glasses,
and ceramics (for a comprehensive review, see Kirkpat-
rick, 1988). Other nuclei such as r7O, 23Na, r33cs, rrB,

and 3rP have also been utilized in structural and ex-
changeable cation studies of minerals (Kirkpatrick, 1988).
The magnesium silicates constitute an important mineral
group, which has so far only been amenable to systematic
srudy by ,rsi MAS NMR. The feasibility of ,'Mg solid-
state NMR has been reported on by Dupree and Smith
(1988), who observed sharp MAS signals at 8.45 T in a
limited number of compounds in which the Mg was in
undistorted sites. The signals from brucite and two mag-
nesium silicate samples were extremely broad and were
recorded using a static echo pulse sequence (Dupree and
Smith, 1988). These workers concluded that despite the
l0o/o natural abundance of this spin-sl nucleus and the
considerable second-order quadrupole broadening of the
central transition by comparison with 'z7A1, solid-state 25Mg

NMR studies could potentially provide useful informa-
tion on minerals and inorganic solids. The present sur-
vey, undertaken using a higher field (11.7 T) and high
spinning speeds (up to 20 kHz), reports the first 'z5Mg

MAS NMR spectra of the Mg representatives of the prin-
cipal mineral classes and related inorganic compounds,
addresses some of the experimental problems arising from
probe ringdown and the recovery of weak signals from
distorted base lines, and attempts to relate the spectral
properties to the known crystallographic features of the
compounds.

Exprmunurl;-

The minerals and other compounds used in this study
are listed in Table l, which includes the origin and chem-

0003-004x/94l0304-0250$02.00

ical constitution of each sample. The samples were char-
acleized by X-ray diffraction and EDAX analysis, and
only those of good crystallinity and essentially free of
secondary phases were selected.

The MAS NMR spectra were collected at ll.7 T using
a Varian Unity 500 spectrometer operating at 30.584
MHz, with a Doty 3.5-mm probe spinningat20 kHz. A
60'pulse of 3 ps was used for solids, usually with a recycle
delay of0.l s and a spectral width of 100000 Hz. Longer
recycle delays and wider spectral widths were tried in
some cases. ?", measurements using a saturating comb
gave values of 0.03 + 0.008, 0.207 + 0.032, and 15.9 +
1.0 s for magnesium sulfate solution, talc, and periclase,
respectively. The weak'?sMg signal precludes accurate Z,
measurements on low Mg samples. In minerals with
paramagnetic impurities and large electric field gradients
(EFGs) at the Mg site, Z, would be expected to be much
less than in MgO, as was found for talc (0.2 s). However,
rapid pulsing could possibly bias the results toward 25Mg

in the vicinity of paramagnetic ions. For most of the spec-
tra shown here, several hundred thousand transients were
acquired, but, except in minerals of very low Mg content
(typically a few percent) or with Mg in very distorted
sites, useful spectra could be obtained with only a few
thousand transients. After acquisition, the spectra were
processed with a Gaussian line broadening of 300 Hz. All
the 'z5Mg peak positions are quoted with respect to a sat-
urated solution of MgSOo.

Procedures for processing ttMg spectra

The 'sMg spectra of minerals with broad, weak lines
tend to be dominated by spurious base-line roll effects
generated by probe ringdown, acoustic ringing, pulse
breakthrough, etc., at the low Larmor frequency. In order
to alleviate these effects for the probe used in this work,
data acquisition needed to be started about 100 ll.s after
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TABLE 1, Minerals and materials included in this study
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Locality Source lmpurities Chemical constitution

Periclase
Brucite
Hydrotalcite

Magnesite
Dolomite
Talc
Hectorite

Saponite
Chrysotile
Antigorite
Phlogopite
Palygorskite
Sepiolite
Montmorillonite
Forsterite

Enstatite

Clinton, British Columbia
Nelson, New Zealand
Three Springs, W. Australia

Banat, Hungary
Nelson, New Zealand
Mikonui, New Zealand
Madagascar
Florida
Vallecas, Spain
Mississippi

synthetic
synthetic, BDH
synthetic, Kyowa Co.,

lot 580
UBC no.2744

synthetic, Laporte
Ind. Ltd.

Smithsonian 121563
NZGS 4519
NZGS 1123
W. C. Tennant
NZGS 39189

chrysotile, heated
900'c

talc, heated 1300'C

trace MgCO3

<0.5% Fe
FO.2oh Fe

1 .16% Fe

trace quartz

quartz

trace cristobalite

Mgo
Ms(oH),
Mg5Als(OH)16 1.5CO3.3.6H,O

MgCO"
MgCa(CO.),
Mg6SisOe(OH).
IM95 3Lio 6]S|BO4(OH)4Nao r. nHrO

Mg6Si? 4Alo sOro(OH)4(72Ca,Na)o 6
M$Si,O5(OH)4
M$Si,Os(OHlo
G(Mgs 1Fe6:)[Si5 ,Al, ,Tio ,]O&(OH)o
[Mg,,Al1 ?Fe31]SisOls 6(OH)1 ,(OHr)o 5Oao4
[Mg? 6A10 6]Si,, 4O&(OH)1 s(OH,)1 .8H,O . G,
[Al,MgFep* ](Si? sAlo s)O,o(OH)1(%Ca,K)o ?
Mg,SiO4

MgSiO"

excitation. For some of the minerals studied here, that
could be satisfactorily achieved by shifting to the left by
eight points (at 10-ps intervals) the free induction decay
(FID) acquired after a 20-1rs period with the receiver off.
The success or otherwise of this simple procedure can he
judged by its effect on the shape and position of the re-
sulting spectra; in some minerals, for example chrysotile,
the spectrum is composed of at least two component lines
that appear to have very different Z' time constants,
causing substantially different signal decay behavior dur-
ing ringdown. In such cases, the relative intensities ofthe
spectral components change markedly with the number
of points by which the FID is shifted to the left, neces-
sitating an alternative processing procedure using linear
prediction methods. This technique, which uses software
included in the Unity system, involves the removal of
100 ps of data acquired after a 20-ps period with the
receiver off, with the resulting FID being used to calculate
the linear prediction coefficients and thus recovering the
missing first l2 points after excitation. The resulting spec-
tra are then compared with those produced by starting
the back linear prediction at different points and with a
polynomial base-line correction made of the spectrum
produced with data acquired immediately after the re-
ceiver-offperiod. For consistency, all the spectra reported
in this paper were processed using this linear prediction
method. However, it is possible that in some instances,
broad peaks observed near the main peak may still be an
artifact arising from inadequate base-line correction.

In order to check processing methods, spectra of talc
were analyzed, using a 5-mm probe and a composite pulse
technique for reducing ringing effects (Zhang et al., I 990).
A preacquisition delay of 30 ps gave some breakthrough,
but the talc spectrum after normal Fourier transforma-
tion was very similar to the linear prediction spectrum
from the standard Bloch decay MAS spectrum. The same
spectnrm shape was also obtained using different preac-
quisition delays prior to linear prediction, and with short-
er pulse lengths.

Rrsur-rs AND DlscussloN

The MAS NMR spectra of the minerals are shown in
Figures l-3. The spectra of all these minerals are rela-
tively similar, since in each case the Mg is in its preferred
octahedral coordination. However, the octahedral sites
can vary in their degree ofdistortion, giving rise to elec-
tric field gradient (EFG) effects that can alter the position
and shape ofthe spectra.

In cases where the EFG effects cause the resonance from
a single Mg site to be measurably split [as in brucite (Fig.
lA), hydrotalcite (Fig. lB), and magnesite (Fig. lD, lE)1,
such spectra can be simulated by assuming appropriate
values for the nuclear quadrupole coupling constant x
(defined as e'zqQ/h), the EFG tensor asymmetry param-
eter 4, and a Gaussian line broadening. The spectral data
for the present suite of minerals are presented in Table 2.

The observed spectrum of a typical well-resolved EFG
line shape (hydrotalcite) is shown in Figure 4A, together
with the corresponding spectrum simulated using the val-
ues of 1, a, and Gaussian line broadening listed in Table
2 (Fig. 4B). Comparison of the observed and simulated
spectra then allows an estimate to be made of 60, the
chemical shift corrected for EFG efects. However, where
EFG effects are suspected but the peaks are broad and
featureless, unique values for y, q, and the Gaussian line
broadening cannot be determined; in such cases the spec-
tra can be acceptably simulated using a range of possible
parameters up to maximum values of 1 and 4, after which
noticeable line-shape effects appear; this procedure re-
sults in a range of possible values for do. A typical ex-
ample is shown in Figure 4C and 4D, in which the ob-
served triangular line shape of antigorite (Fig. 4C) has
been satisfactorily simulated using the values in Table 2
Gig. aD).

A third possibility that has been identified in some of
these '?5Mg spectra is the apparent presence of two Mg
sites, each with different Zf relaxation times, confirming
the desirability ofa linear prediction procedure to process



2s2

200 100 0 -100 -200 200 100 0 -100 -200
25tls Snitt (ppm), w.r.t. MgSo4 soln.

Fig. l. (A-F) The r5Mg MAS NMR I1.7-T spectra at room
temperature of hydroxides, carbonates, and related minerals.
Spinning speed 19.5-20 kHz, 300-Hz line broadening applied.
Peak positions quoted with respect to saturated MgSOo solution.

all the spectra. This Zf effect is most noticeable in the
fibrous l: I layer silicate chrysotile (Fig. 28) and the basic
carbonate hydromagnesite (Fig. lC), both of which con-
tain two types of octahedral site. However, in chrysotile,
these crystallographically distinct sites do not appear to
correspond with the two sites of different Zf, which have
relative populations considerably different from the ap-
proximately l:l ratio expected for the Ml and M2 sites.
Furthermore, other examples of layer silicates containing
Ml and M2 sites (montmorillonite, hectorite, saponite,
talc) do not show these pronounced Z] effects; the sig-
nificant differences in EFG experienced by these sites may
therefore be affected by the mineral morphology, such as
differences between surface and interior sites in the tu-
bular fibrils of chrysotile. In the following discussion, D.f
is the angular distortion index for the oclahedral site (Baur,
1974), defined and discussed later in this section.

Hydroxide and carbonate minerals

Brucite, Mg(OH)r. The single r6rMg site in the brucite
structure (Ziganand Rothbauer, 1967) is distorted from
true octahedral symmetry, leading to the structural dis-
tortion parameters listed in Table 3. Spinning the sample
at 20 kHz narrows the static spectrum and reveals a typ-
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200 100 0 -100-200 200 100 0 -100-200
25Mg shift (ppm), w.r.t. MgSo, soln.

Fig. 2 (A-F) The '?5Mg MAS NMR I1.7-T spectra at room
temperature of l:l and 2:l layer silicates. Spinning speed 19.5-
20 kH4300-Hz line broadening applied.

ical second-order quadrupolar line shape (Fig. 1A), which
can be simulated using the values of nuclear quadrupole
coupling constant 1, EFG tensor asymmetry parameter 4,
and Gaussian line broadening, which are listed in Table
2. These simulation parameters are similar to those de-
duced by Bastow (1991) in a study of single-crystal bruc-
ite. The additional low-intensity sharp resonance at 25.6
ppm is in the position expected for MgO (Fie. 3F) and
may thus represent a small amount of decomposition
product, but in a concentration too low to be detected by
XRD.

Magnesite, MgCOr. The spectra of five magnesite sam-
ples from various geographical locations have been ob-
tained, of which two are shown here (Fig. lD, lE). The
most typical spectrum is that of the Canadian maglresite
(Fig. lE), which is also found in samples from New Zea-
land and the former Czechoslovakia (MacKenzie and
Meinhold, 1993a), but although of slightly different shape,
the spectrum of Antarctic magnesite (Fig. lD) is clearly
closely related. The crystal structure of magnesite (Oh et
al., 1973; Markgraf and Reeder, 1985) contains a single
turMg site for which the DI and other distortion factors
(Table 3) are satisfactorily similar when calculated from
the structural data of both these authors. These structural

200  100  0  - 100 -200
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25Mg snitt (ppm), w.r.t. MgSe soln.

Fig. 3. (A-F) The ,5Mg MAS NMR I1.7-T spectra ar room
temperature of miscellaneous Mg-bearing minerals. Spinning
speed 19.5-20 kHz, 300-Hz line broadening applied.

parameters indicate that magnesite is considerably less
distorted than brucite but more distorted than MgO. Both
types of 2sMg MAS NMR magnesite spectra can satisfac-
torily be simulated as quadrupolar line shapes using the
parameters listed in Table 2, which indicate a slight dif-
ference between the values of1 and a nonzero value of4
for the Antarctic sample. A much poorer simulation of
the latter spectrum is obtained by setting 4 : 0, as re-
quired by the point symmetry of the Mg site in magnesite,
suggesting that the structure of this sample may have un-
dergone slight distortion, possibly by the incorporation
of impurities or by the presence of defects.

Dolomite, MgCa(CO.)r. The crystal structure of dolo-
mite (Reeder and Wenk, 1983) contains two octahedral
cation sites of different distortion. The less distorted site
(DI : 0.019) accommodates predominantly Mg, the more
distorted site (D1 :0.026) containing predominantly Ca
(Reeder and Wenk, 1983). The structural parameters of
the less distorted Mg-containing site are listed in Table
3. The'?sMg spectrum (Fig. lD is considerably narrower
than that of magnesite and gives no indication of more
than one Mg site. However, when plotted on an expanded
scale, there is some evidence of quadrupolar structure,
which becomes even more distinct when the sample is
heated to 700'C, below its thermal decomposition tem-

2s3

100 0 -100 -200 -300 100 0 -100 -200 -300
2St,,tg Stritt (ppm), w.r.t. MgSq soln.

Fig. 4. Typical observed and simulated ,5Mg MAS NMR
spectra. (A and B) Hydrotalcite; (C and D) antigorite.

perature (MacKenzie and Meinhold, 1993b). The spectral
parameters are listed in Table 2.

Hydrotalcite, MgrAlr(OH),6. l.5CO3'3.6H,O. The struc-
ture of this mineral consists of brucite-like layers in which
a proportion of the t61Mg is replaced by Al, the resulting
charge imbalance being compensated for by the incor-
poration of COI groups between the layers, in which
region interlayer HrO is also located (Allmann and Jep-
sen, 1969). The crystal structure determination was un-
able to distinguish between sites containing Mg and Al,
a fact reflected by the mean octahedral DI listed in Table
3. The line shape of the "Mg spectrum spun at 20 kHz
(Fig. lB) is clearly quadrupolar and can be simulated us-
ing the values listed in Table 2 (Fig. 4B). Although the
values of 1 and line broadening are significantly greater
for hydrotalcite than for brucite, the resulting value of do
is not much different from that for brucite (or for Cana-
dian magnesite).

Hydromagnesite, Mgr(CO3)o(OH)r.4HrO. The struc-
ture of this mineral consists of a three-dimensional MgOu
framework linked together by carbonate groups and con-
taining coordinated OH and HrO molecules (Akao et al.,
1974). Two types of turMg site can be distinguished. The
Ml octahedra form sheets running parallel to the [00]
direction and are coordinated to four carbonate O atoms,
one OH group, and one HrO molecule. The M2 octahe-
dra link these sheets together by sharing apices with the
Ml octahedra and are coordinated to four carbonate O
atoms and two OH groups. The Ml site is considerably
more distorted than the M2 (Table 3). The 2sMg spectrum
(Fig. I C) is broad and poorly resolved but contains shoul-
ders that could arise from two doublets with different 1

MACK.ENZIE AND MEINHOLD: ,5Mg MAS NMR SPECTRA
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TABLE 2. The'zsMg spectral parameters for Mg-bearing minerals

(MHz)
Line broadening do Width dq

(Hz) (PPm) (Hz) (PPm)

Brucite
Magnesite, Canada
Magnesite, Antarctica
Dolomite
Hydrotalcite
Hydromagnesite M2
Hydromagnesite M1
Talc-
Hectorite'
Saponite
Montmorillonite

Chrysotile
Antigorite'
Phlogopitet
Sepiolite-
Palygorskite'
Enstatite-
Periclase
Forsterite Mlt-
Forsterite M2-'

3.15
2.5
2.6
0.9
4.4
3.1
3.6
2.4
2.2
0
2.8
1 . 5

2.9
3.0
2.7
3.2
2.4
0
4.996
4.313

0
0
0 3
0
0
0
0
o.7
1 . 0
0
0
0

o.7
0.65
o.7
0.5
o.4
0
0.963
0.396

1 200
390-600

900
900

1 050
40

305
305

14.1
4.8
8.8

-4.3
1 0
1 6
-4
48
43
0

-4
1 1

50
68
51
80
27
26.54

2270
1310
1350
160

4530
3620

1 540
1 140
400

3340

3190
2270
2210
1 780
321 0
1470

40
2165
4422

-39
-30
-33
- 1 0
-70
-64

5
- l

- 1
-20

-59
- 1 3
-3
-4
22

- 1 8
0

60
460
180
90

400
400
400
600
750
400
390
210

* Maximum value of 1 and required line broadening, giving maximum 60. Values of x could range down to 0, with large line broadening.
" Data from Derighetti et al. (1978).

values. By fitting Gaussian curves to the spectrum pro-
cessed by linear prediction (Fig. I C), the positions of these
doublet components are found to be - I l, - 38, -7 4, and
-128 ppm. These four spectral components are better
resolved if the spectrum is processed using eight shifts to
the left (Fig. 5, curve B) instead of the linear prediction
method (Fig. 5, curve A). Figure 5 provides an example
of a material in which the processing method can affect
the shape and, to some degree, the resonance positions
of a spectrum. Quadrupolar spectra for each of the two
sites were simulated using all three possible combinations
of doublet peaks, settin1 n : 0, and a Gaussian line
broadening of 400 Hz. The parameters for the two mosl
probable doublets (- I I with -74 ppm, -38 with - 128
ppm) are shown in Table 2. The two simulated spectra
for Ml and M2 (Fig. 5, curve D) can be combined in

various ratios to give composite spectra with a range of

relative intensities. The composite spectrum C shown in

Figure 5 has been chosen as a reasonable approximation
to the observed spectrum processed with eight shifts to

the left (Fig. 5, curve B), but the relative intensities of the

linear prediction spectrum (Fig. 5, curve A) are better
approximated by combining the Ml and M2 simulated
spectra with a more realistic assumption of approximate-
ly twice as many Ml as M2 sites.

The 2:1 layer magnesiosilicates

Talc, MguSirOro(OH)4. Talc is a trioctahedral layer sil-

icate with a structure consisting oftwo tetrahedral silicate

sheets separated by an rrMg-O(OH) sheet, the matching

of the sheets being accomplished by a combination of

slight flattening ofthe octahedra and a slight tilting ofthe

Traue 3. Crystallographic distortion data for Mg-bearing minerals

Mineral > | tan(Oi - O.) | yu> t,(A) Reference

Brucite
Magnesite
Dolomite
Hydrotalcite
Hydromagnesite M2
Hydromagnesite Ml
Talc
Montmorillonite
Antigorite-
Phlogopite M1
Enstatite M1
Periclase
Forsterite M1
Forsterite M2

0.076
0.019
0.019
0.087
0.026
0.065
0.056
0.056
0.069
0.065
0.048
0
0.087
0.069

1.452
0.383
0.36
1.646
0 .511
1 . 1 8
1.O27
1 .05
1 .28
't.26

0.914
0
1.557
1.301

2.102
2.1 05
2.O84
2.026
2.043
2.097
2.069
2.O3
2.O7
2.063
2.079
2.107
2.101
2.126

Zigan and Rothbauer, 1967
oh et al.. 1973
Reeder and Wenk, 1983
Allmann and Jepsen, 1969
Akao et al., 1974
Akao et al., 1974
Rayner and Brown, 1973
Tsipursky and Drits, 1984
Melfini and Zanazzi, 1987
Hazen and Burnham, 1973
Ohashi, 1984

Hazen, 1976
Hazen,1976

* Data tor l f lizardite from Coli, ltaly
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tetrahedra. There are two types of t6lMg site in the struc-
ture, the Ml sites, with OH groups at opposite corners of
the octahedra, and M2 sites, with OH groups at adjacent A
corners(RaynerandBrown, 1973). Thedistortionsofthe n'

M I and M2 sites, calculated from the structural data of
Rayner and Brown (1973) and from a more recent struc-
ture of Perdikatsis and Burzlaff (1981), have virtually
identical values; the distortion parameters shown in Ta-
ble 3 are based on Rayner and Brown (1973). The ,5Mg

MAS NMR spectrum (Fie. 2F) shows a single unresolved
resonance at 5 ppm, probably broadened by EFG effects.
Although the featureless nature of this resonance mili-
tates against a satisfactorily unambiguous simulation, a
reasonable approximation of the spectral shape can be
obtained using the parameters listed in Table 2, which
indicate large values of 4 and line broadening. B.

Hectorite, [Mg$Lior]SirO.(OH)oNan.r. zHrO. This trioc-
tahedral layer lattice silicate is a member of the smectite
group, but is structurally related to talc, by substitution of
some of the I6rMg by Li, with charge balance provided by
the exchangeable interlayer alkali cations. The present
synthetic sample differs from natural hectorite in not con-
taining small amounts of Al in the octahedral sites, but
in all other respects (X-ray pattern, thermal reactions) it
is similar to the natural mineral. The 'z5Mg MAS NMR C.
spectmm (Fig. 2E) is very similar to talc, suggesting that
the Mg is not very sensitive to the presence of t6ll-i and
vacancies. The featureless single unresolved resonance
gives no suggestion of more than one Mg site, and the
peak can be simulated in a number of ways, ranging from
a non-EFG-broadened Gaussian peak (setting x : 0) to
a maximum value for yof 2.2 MHz, which, together with
the values for the other parameters listed in Table 2, gives
a maximum possible value for 6o fairly similar to that for
talc.

Saponite, MgSirrAlo*O ^(OH)o(/zCarNa)o-. Saponite is
another trioctahedral smectite, structurally related to talc
by substitution in the tetrahedral sheets of Al for Si, with
charge balance again being maintained by the presence of
interlayer alkali or alkaline earth exchangeable cations.
The'z5Mg MAS NMR spectrum (Fig. 2D) contains a sin-
gle resonance similar to that of talc and hectorite, but
apparently superimposed on a broader underlying hump.
The appearance of this spectrum depends markedly on
the method of processing; shifting to the left by 20 points
leaves a single sharp line at 0 ppm, with a width of I l0
Hz. As the number of points shifted to the left is reduced,
and a base-line correction is applied, a broad component
4000-6000 Hz wide appears at about -30 ppm. Decon-
volution of the spectrum obtained by linear prediction
(Fig. 2D) (which is identical to the spectrum obtained
with no shift to the left but a base-line correction) indi-
cates that the broad component contains approximately
900/o of the spectral intensity and appears somewhat sim-
ilar to the spectrum of montmorillonite; it could, how-
ever possibly be due to a base-line artifact.

Monhnorillonite, [Al,MgFd+KSi?sAlos)Or(OfD4(%Ca,Kt".
Montmorillonite is a smectite in which the maioritv of

D.

100 0 -100 -200 -300

255

25ug Shift (ppm), w.r.t. MgSo4 soln.

Fig. 5. (A) Observed "Mg MAS NMR spectrum of hy-
dromagnesite, processed by linear prediction. (B) The same
spectrum, processed with eight shifts to the left. (C) Addition of
simulated Ml and M2 spectra in proportions 0.3M1 to 1.0M2.
(D) Individual simulated Ml and M2 spectra.

3
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the lattice substitution occurs in the octahedral sites, al-
though limited substitution of t4lAl for Si can also occur.
This mineral is classified as a dioctahedral smectite, since
the principal octahedral cation is A1, which can be re-
placed to varying degrees by Mg and other cations. The
nature of these octahedral substitutions influences the
structure of the mineral, oblique-texture electron diffrac-
tion studies by Tsipursky and Drits (1984) have identified
three possible structural models, one in which all the trans
octahedral sites are vacant, one in which both the cis and
trans octahedral sites are equally populated, and one in
which all the cations are randomly distributed over all
the octahedral sites. Comparison of the chemical com-
position of the present montmorillonite with those ex-
amined by Tsipursky and Drits (1984) suggests that our
sample is best described by the random cation distribu-
tion model, which was used as the basis for the mont-
morillonite structural parameters listed in Table 3. The
25Mg spectrum (Fig. 2C) shows a broad peak at - l3 ppm,
with features aI -27 and -74 ppm, and changes only
slightly with processing method. Such a spectrum could
arise from at least two sites with different EFGs. Thus,
the observed shape can be described as a combination of
two doublets, at -27 and -74 ppm and at 3 and -l l

ppm. Such a spectrum can be simulated using the param-
eters of Table 2, but in view of the broadness and poor
resolution of the spectrum, this procedure is too ambig-
uous to justify assigning doublets to specific sites, partic-
ularly since some additional intensity upfield may arise
from another resonance of still higher EFG.

Phlogopite, K,(Mg..,Fefr.l )lSis.rAl,.rTi. r|O,"(OH).. Phlo-
gopite is a trioctahedral member of the mica group, in
which the major substitutions occur in the tetrahedral
layer, with charge balance being provided by interlayer
K*. The octahedral sites in the present sample were shown
by Mdssbauer spectroscopy to accommodate the Fe2*, in
addition to Mg (our unpublished results). As in other 2: I
layer silicates, two octahedral sites (Ml and M2) can be
distinguished in the crystal structure (Hazen and Burn-
harn, 19731- Rayner, 1974); Ihe crystal structures, how-
ever, indicate very similar angular distortions in the Ml
and M2 sites, for which only the Ml value is listed in
Table 3. On a long-range basis, the Fe2+ tends to be dis-
tributed randomly over Ml and M2 (Sanz and Stone,
1979). The'?sMg MAS NMR spectrum (Fig. 3A') consists
of a split peak, which can be simulated by a single-site
quadrupolar line shape using the parameters listed in Ta-
ble 2. However, such a simulation does not adequately
account for the triangular shape ofthe base ofthis spec-
trum, which might be better described by a Lorentzian
rather than Gaussian line shape, or alternatively by the
presence ofa broad underlying component or a baseline
artifact.

The 1:1 layer magnesiosilicates

Chrysotile, MgrSirO.(OH)o. Chrysotile is the asbesti-
form modification of serpentine, in which the alternating
Mg-O(OH) octahedral layers and Si-O tetrahedral layers

MACKENZIE AND MEINHOLD: ,5Mg MAS NMR SPECTRA

are coiled into fibers along the a axis. This cylindrical
structure introduces disorder along the circumferential (b)
direction, permitting only two-dimensional X-ray struc-
ture determinations (Whittaker, 1956). Comparison of
these partial structures with more recent complete struc-
tural determinations of the nonfibrous serpentine lizar-
dite (Mellini, I 982; Mellini and Zanazzi, I 987) indicates
strong similarities between the two structures (Wicks and
O'Hanley, 1988) and suggests that the distortion of the
octahedral site in lizardite might reasonably approximate
that of chrysotile.

The '?5Mg MAS NMR spectrum of Nelson chrysotile
(Fig. 2A), although broad, shows evidence offeatures that
are also present in the spectrum ofa Canadian (Cassiar)
chrysotile (MacKenzie and Meinhold, 1994). Although
both the Nelson and Cassiar peak shapes can be approx-
imated by fitting Lorentzian lines at -90 and 8 ppm, with
the Nelson sample requiring a third, broad component at
about -22 ppm, the observed line shape is more likely
to be second-order quadrupolar than Lorentzian. The
shapes of the chrysotile spectra are extremely dependent
on the processing method used to correct the FID for
base-line effects introduced by probe ringdown, suggest-
ing the presence of at least two components with different
T\ time constants. By processing the spectra with a range
of shifts to the left and fitting the component heights to
a Lorentzian decay, T! values of 58 and 315 ps are es-
timated for the components at about -90 and 8 ppm,
respectively. This predicts Lorentzian line widths of about
5520 and 1010 Hz, respectively, for these spectral com-
ponents, and that they occur in the ratio ofabout 9:l to
l6:1, suggesting that the different EFGs giving rise to them
may be related to the fiber morphology.

Antigorite, (Mg,."Fefrg,Feifr)[Si'.".AL.0s1 O'(OH)3 68.
Antigorite is a member of the serpentine group, in which
the misfit between the octahedral and tetrahedral layers
is overcome by curvature of the sheet in an undulating
mode such that in each layer the structure can achieve
the most efficient curvature in the (a) direction for misfit
relief. Although only two-dimensional structural deter-
minations have been made (Kunze, 1958), these indicate
that the octahedral sheet is anomalously thick and that
the a and D parameters are slightly larger than in lizardite.
In the absence of a complete antigorite crystal structure
determination, the DI for lizardite was taken as an ap-
proximation. The'zsMg MAS NMR spectrum (Fig. 2A)
is simpler than that of chrysotile in that it doesn't contain
components of significantly different T! and can be rea-
sonably approximated by a second-order quadrupolar line
shape using the parameters listed in Table 2 (Fig. aD).

Other Mg-bearing minerals

Sepiolite, [Mg, .Alo.oulSi,, oOr.(OH), 8(OH')o' 8H'O ' Ko '.
The structures of sepiolite and palygorskite (see below)
can both be regarded as variations of 2: I phyllosilicates,
since they consist of ribbons of 2: I layer structure running
along the a axis and linked together by alternate inversion
ofthe SiO" tetrahedra. Thus, the tetrahedral layer is con-



simulated satisfactorily by a single-site quadrupole line ; I fl
shape, using the parameters listed in Table 2. B. ;: il f l

Palygorskite, [Mg,,Al,.,Fef,i]SirO,".u(OH),.e(OH,)4.s ii il f l - Ml
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tinuous, but the octahedral layer occurs on blocks, each

trum gives no indication of multiple sites and can be I

contain two Mg sites, namely, Ml, which lies principally
between the apices of the SiO, chains, and the larger and
more distorted M2 site, which lies principally between
the bases of chains. The crystal structure data for or-
thoenstatite (Morimoto and Koto, 1969; Ohashi, 1984)
and for clinoenstatite (Ohashi, 1984) indicate very simi-
lar distortion indices for both polymorphs, for which only
the less-distorted M I site is listed in Table 3. The present
sample, formed from talc heated to 1300 "C, has a 2eSi

MAS NMR spectrum more characteristic of orthoensta-
tite (MacKenzie and Meinhold, in preparation). Its'5Mg
MAS NMR spectrum (Fig. 3D) contains a single reso-
nance, which can be simulated by a single quadrupolar
line shape with the parameters shown in Table 2. This
resonance probably corresponds to Mg in the Ml site; the
distortion in the M2 sites may broaden the Mg signal
from these sites beyond detection.

Forsterite, MgrSiOo. An attempt was made to deter-
mine the MAS NMR spectrum of forsterite derived from
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Fig. 6. (A) Observed spectrum from chrysotile, heated at 850
'C. IZ denotes full width at half height. (B) Spectra of the Ml
and M2 sites of forsterite, simulated from the data of Derighetti
et al. (1978).

chrysotile by heating at 850 "C for 15 min, which, ac-
cording to XRD and '?eSi MAS NMR, consists predom-
inantly of crystalline forsterite. Although the resulting
resonance had the appearance of a second-order quad-
rupolar line shape (Fig. 6, curve A), it represented only a
few percent ofthe starting material and could have arisen
from a Mg-containing impurity rather than from forster-
ite. The structure of forsterite, the Mg end-member of the
olivine series, consists of a framework of individual SiOo
tetrahedra pointing alternately up and down in both the
a and b directions and linked by lot14*, half of which are
located at the centers of symmetry (the M I sites) and half
on the reflection planes (the M2 sites). Crystallographic

Cao.o. The structure of this mineral is related to that of ; i | |
sepiolite, with full cation occupancy of the M2 and M3 ; i i i
octahedral sites and vacant Ml sites. Our 27Al spectrum I I ; :
of this mineral confirms a recently reported 'z?Al MAS f \-' I
NMR study (Guven et al., 1992), which indicates the , I
presenceofAlinoctahedralsitesonly, andconfirmsthat W = 4422 H. i i l  | 

W= 2165 Hz

tetrahedral substitution is insignificant in this mineral (and t
probably in sepiolite also). The'zsMg MAS NMR spec- |
trum (Fig. 3C) displays a triangular-shaped resonance, I
somewhat broader than in sepiolite, but capable of sat-
isfactory simulation by a single quadrupolar line shape 

I
t .wi th themax imumva lueo f1 ,wh i ch i s l i s t ed toge the r

with the other parameters in Table 2. The resulting max-
f timum value of 6o is the largest suggested for the present
i l \ -suiteofminerals. f; 

.-t
.  l aEnstatite, MgSiO.. Enstatite is a pyroxene, conralntng -1,, \ _ _ _

the characteristic (SiOr)" chains linked laterally by Mg.
Ofthethreeroom-temperaturepolymorphsofensiatit!.
two (enstatite and orthoenstatite) are orthorhombic, and
the third (clinoenstatite) is monoclinic. All polymorphs ="Mg Peak Position (ppm), w.r.t. M9SO4 soln.
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DI
Fig. 7. Relation between the octahedral angular D1 of Mg-

bearing minerals and (A) the center of gravity of the observed
25Mg resonance positions, d"*, and (B) the observed resonance
widths at half height. Regression line fitted to all points. Key: 1
: brucite, 2 : magnesite, Canada, 3 : magnesite, Antarctica, 4
: dolomite, 5 : hydrotalcite, 6 : hydromagnesite Ml, 7 : hy-
dromagnesite M2, 8: talc,9: enstatite, l0: periclase, l1 :
forsterite i&{l, 12: forsterite ;s {2, 13: antigorite, 14 : mont-
morillonite, 15 : phlogopite. Widths for forsterite calculated
from the data ofDerighetti et al. (1978).

data (Hazen, 1976) indicate that both octahedral sites are
significantly distorted (Table 3). A previous single-crystal
'?5Mg NMR study of forsterite (Derighetti et al., 1978)
reported values of 1 of 4.996 and 4.313 MHz and values
of a of 0.963 and 0.396 for the Ml and M2 sites, respec-
tively, leading to the simulated MAS spectra shown in
Figure 68. Althougl the simulated resonance for the more
distorted Ml site is quite different from that recorded for
heated chrysotile, the simulated M2 resonance bears some
similarity to the observed spectrum, in terms ofthe quad-
rupolar separation and resonance width. However, on the
basis of these results it is impossible to determine wheth-
er the observed resonance is related to the less distorted
site in forsterite, or whether it arises from a few percent
of some X-ray amorphous impurity with an NMR spec-
trum fortuitously similar to that of the M2 site of for-
sterite. Forsterite might not be observed under the pres-
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ent experimental conditions, since the EFG-broadening
would reduce the signal height to only a few percent of a
single peak not EFG-broadened. A further possibility is
that forsterite has a long ttMg Tr.

Periclase, MgO. ThetulMg site in periclase is regular,
with a DI of 0. The ,5Mg MAS NMR spectrum (Fig. 3F)
consists of a single extremely narrow resonance with a
chemical shift (26.5 ppm) in good agreement with that
previously reported by Dupree and Smith (1988).

Spinel, MgAlrOo. Attempts were made to record the
MAS NMR spectrum from several spinel samples, in-
cluding materials synthesized from the pure oxides at I 300
"C for I 28 h and by heating synthetic hydrotalcite at I 300
"C for 19.5 h together with a natural sample from Amity,
New York (sample NZGS 53759). The '?7Al MAS NMR
spectrum ofthe spinel from hydrotalcite indicated an in-
version parameter x : 0.32, whereas the natural spinel
contained virtually no tolAl, consistent with a fully or-
dered material. Although all of these samples have the
XRD pattern of crystalline spinel, none of them showed
the single resonance reported at 52 ppm by Dupree and
Smith (1988) in an undescribed spinel sample. Even with
a recycle delay of 60 s, no 25Mg resonance at all was
detected in the synthetic samples, other than a small MgO
signal, which had a T, of a few seconds. The natural sam-
ple showed a much more complex spectrum than that of
Dupree and Smith (1988) and will be the subject of fur-
ther investigation.

Effects of octahedral site distortions on the
'z5Mg NMR spectra

It is clear from the forgoing discussion and spectral
simulations that the shape and position of these '?sMg

mineral spectra, where Mg is in its preferred octahedral
coordination, is dominated by EFG effects. In minerals,
these are influenced by a number of factors, including the
nature ofthe species in the first coordination sphere (O,
OH, CO3, HrO) and in the next coordination sphere (oth-
er species such as Si, Al, Fe, and exchangeable cations)
and geometrical effects such as the flattening of the oc-
tahedral layer or curling of the sheets to relieve mismatch
between the octahedral and tetrahedral sheets of layer
structures.

A variety of parameters have been suggested for esti-
mating the relative degree of distortion around an octa-
hedral site, based both on octahedral bond lengths and
angles. The present data were tested against two angle-
based parameters, the simplest being the angular DI of
Baur (1974):

/ t ,  \  /Dr: l> to,  -  o- t  |  /  rzo^ ( r )
\ r : r  /  /

where O, and O- are the observed and true (undistorted)
octahedral angles, respectively. The other angular rela-
tionship tested here was suggested by Ghose and Tsang
(1973) to be related to the nuclear quadrupole coupling
constant 1 and is essentially a measure of the shear strain
ry' within the coordination polyhedra, defined as



v :> l tan (o , -o - )1 .

Ofthe bond-length relationships tested against the pres-
ent spectral data, the simplest is the mean octahedral bond
length /-, defined as

where I are the individual octahedral bond lengths. By
analogy with '?eSi chemical shifts, the mean bond length
/- might be expected to correlate with Do, the chemical
shift corrected for EFG effects. Another bondJength re-
lationship, suggested by Ghose and Tsang (1973) to cor-
relate with 1, is the longitudinal strain a, defined as

lln(l//-) | (4)

where /- is the mean octahedral Mg-O length. The rele-
vant bond lengths and angles were computed from the
crystallographic data using the program of I-arson et al.
(1991). The various structural parameters computed for
the minerals of the present suite for which crystallograph-
ic data are available are presented in Table 3.

Although the complexity of EFG effects renders it un-
likely that a simple relationship between EFG-related pa-
rameters and structural distortions of the first coordina-
tion sphere will exist for all compounds, the utility of this
approach was considered to be worth investigating.

In the first instance, simple relationships were sought
between the octahedral DI (Eq. l) and the two most readily
measured spectral parameters,6.*, the position of the peak
center of gravity (determined by integration of the reso-
nance) and W, thewidth of the resonance at half its height,
since 0"", should shift upfield and W increase as the EFG
increases. A relationship between d"* and DI does appear
to exist (Fig. 7A), but the scatter in this graph suggests
that, as expected, factors other than EFG effects influence
the position ofthe resonance. It was noted that ifthe data
for the carbonate minerals are omitted, the correlation
coefficient is improved to 0.67. The plot of W vs. DI (Fig.
78) also shows a better linear relationship to all the data
points, suggesting that this parameter may be more di-
rectly related to the EFG.

For samples in which reasonably reliable nuclear quad-
rupole coupling constants x could be derived from the
spectral simulations (Table 2), this parameter might also
be expected to show a relationship with structural distor-
tion parameters such as Dland ry'. The minerals for which
the calculated 1 values were deemed to be the most re-
liable were brucite, magnesite, dolomite, hydrotalcite, and
periclase. Also included are the x values of the Ml and
M2 sites of forsterite, from Derighetti et al. (1978). A plot
ofthese values of1 vs. {, as defined by Equation 2, has
a correlation coefficient of 0.82 and passes close to the
origin (Fig. 8A).

Figure 88 shows the analogous plot for 1 vs. Dd in
which the regression line is again fitted only to the data
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DI

Fig. 8. Relation between the nuclear quadrupole coupling
constant 1 derived from the spectral simulations and functions
describing the octahedral angular distortion. (A) Plotted as a
function of polyhedral shear strain, most reliable 1 data only,
points numbered as for Fig. 7. Regression line fitted to all points.
(B) Plotted as a function of the angular DI, most reliable x data
denoted by solid circles, other estimates of 1, denoted by solid
squares, included for interest. Regression line fitted to most re-
liable data only. Points numbered as for Fig. 7. Data for for-
sterite taken from Derighetti et al. (1978).

points embodying the reliable values of 1 (denoted by
solid circles). However, also included on this graph are
data points for the samples that showed featureless spec-
tra and for which only the range of x values could be
deduced (solid squares); although the points plotted here
are the maximum values of 1, which can range down to
0, their closeness to the regression line in most cases in-
dicated that the 1 values of these minerals are probably
nonzero and may lie close to the maximum estimated
value.

Relationships were also sought with geometrical func-
tions based on octahedral bond lengths. The correlation
between 1 and longitudinal strain a (Eq. 4), predicted by
Ghose and Tsang (l 973) could not be found, even for the
most reliable ydata, nor was a correlation found between
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x and the simpler bondJength parameter A/, the difference
between the maximum and minimum bond lengths. There
are insufficient accurate data to test the expected relation-
ship between /- and the corrected chemical shift do.

Thus, of all the relationships tested, the best correla-
tions were found between the most reliable values of 1
and functions describing distortions ofthe octahedral bond
angles (DI or ry'). Although EFG effects are likely to be
more complex than what is suggested by these simple
relationships (as evidenced by the effect of substituting
carbonate for oxide or hydroxide groupings), these dis-
tortion relationships provide a simple means of tenta-
tively assigning resonances to specific sites or possibly
even predicting the spectrum of a new compound.
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