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Structure and dynamics of magnesium in silicate melts:
A high-temperature Mg NMR study
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ABSTRACT

Mg NMR spectra for several silicate and aluminosilicate melts were obtained from
1000-1470 °C. The peaks are initialy very broad, but narrow with increasing temperature
to near 500 Hz at the highest temperatures. The peak positions for most of the melts do
not shift noticeably with temperature in the range studied, except for a sodium magnesium
silicate composition that was previously studied by Fiske and Stebbins (1994). This ma-
terial showed a decrease in frequency of the peak position by about 4 ppm between 1150—
1360 °C in both this and the previous study, consistent with an increase in the average
size of the site. The chemical shifts vary with composition as well, ranging from 31 ppm
for a potassium sodium magnesium silicate melt to 22 ppm for diopside melt (CaMgSi,O,)
at 1400 °C. Compositions with higher field strength cations have lower frequency chemical
shifts, which correspond to larger coordination numbers and bond lengths for Mg+ All
of the peak positions obtained fall to slightly higher frequency than the range for sixfold-
coordinated Mg in crystals and well below the fourfold-coordinated range, indicating that
the Mg is in fivefold to sixfold coordination in the melts. Spin-lattice relaxation times
show that measurements are on the high-temperature side of the T, minima, and a simple
expression for quadrupolar relaxation can be used to obtain correlation times for the motion
responsible for the relaxation. The correlation times obtained in this manner are very
similar to the correlation time 7., obtained from viscosity measurements, implying that
the Mg motion is strongly coupled to the network motion at these temperatures. Line
widths also scale with T, in this temperature range, leading to the conclusion that the

viscosity is the fundamental limit to observing the Mg signal in the melt.

INTRODUCTION

Magnesium is an important component of natura sili-
cate melts, being the fourth most abundant element in the
earth after O, Si, and Fe (e.g., Krauskopf and Bird 1995),
but its role in the melt structure is not well defined. An
understanding of the structure of melts can lead to better
models to predict their behavior and could be relevant to
geological issues pertaining to igneous rocks such as
crystalization, partitioning of elements, diffusion, and
viscosity. Although some of these properties are domi-
nated by the network-forming elements (O, Si, Al, etc.),
amore complete picture of the material is derived by also
considering the local structure and behavior of network-
modifying cations like Mg.

Previous studies of the structure of Mg in silicate melts
and glasses include molecular dynamics simulations
(Matsui et al. 1982; Kubicki and Lasaga 1991; Kubicki
and Lasaga 1993; Matsui and Kawamura 1980; Angell et
al. 1987), vibrational spectroscopy (Gorbachev et al.
1983; Lisenenkov 1981; Williams et al. 1989; Sykes and
Scarfe 1990; Taniguchi and Murase 1987; Kubicki et a.
1992; Hauret et al. 1994), X-ray techniques (Gorbachev
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et al. 1983; Yin et a. 1983; Waseda and Toguri 1977,
Kern et a. 1986; Waseda and Toguri 1990; Taniguchi et
al. 1995; Matsubara et a. 1988; Taniguchi et a. 1997,
Hanada et al. 1988; Kawazoe et a. 1981), Mg NMR
spectroscopy (Fiske and Stebbins 1994), and Mg XAFS
(lldefonse et al. 1995; Henderson et al. 1992). Some au-
thors have also made structural inferences from heat ca-
pacity measurements (Richet et al. 1993; De Ligny et al.
1996). Most of the above studies discuss one or both of
CaM@Si, O, (diopside) and MgSIO, (enstatite) composi-
tions and indicate average bond lengths ranging from
1.88 to 2.18 A. The coordination numbers reported fall
in the range of four to six, though thereis little agreement
whether Mg occupies a small fourfold-coordinated site or
a larger sixfold-coordinated site, as is more common in
silicate minerals.

NMR spectroscopy has been used to investigate Mg in
silicates only with great difficulty. The sensitivity is low,
due to a low natural abundance of the NMR-active iso-
tope (®#Mg) and the low resonance frequency. Also, Mg
is a quadrupolar nuclide, having spin = %, leading to
additional quadrupolar interactions and broadening. Mg
sites in silicates are often distorted, leading to broad lines
and complicated quadrupolar line shapes that are often
difficult to observe.
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TaBLE 1. Compositions and activation energies for spin lattice relaxation of magnesium silicate melts
Name Composition Liquidus Temp.(°C) Eat (kJ/mol)
NaMg2* (Na,0)5.25(Mg0).15(SiO,)0 54 840 119 + 12
Di (Mg0),.25(Ca0), 25(SiO,)0 50 1391 158 = 6
CMAS1 (Mg0),.14(Ca0)4 41 (Al,05)0,06(SI0,)0 50 ~1300 145 = 10
CMAS2 (Mg0),.21(Ca0)g 5 (A1,05)0.04(SIO0) ~1345 139 + 25
KNM (NaZO)D 1A(K20)0 14(Mgo)0.18(Si02)054 <960

* Same composition as in Fiske and Stebbins (1994).
T Derived from 25 Mg spin-lattice relaxation data.

The number of NMR studies of Mg in crystalline sil-
icates islimited (Dupree and Smith 1988; MacKenzie and
Meinhold 1994; Fiske and Stebbins 1994; MacKenzie and
Meinhold 1997). These studies indicate that the 2Mg sig-
nal is affected by the local structure around the Mg atoms.
The effects of coordination number are particularly ap-
parent: for the limited amount of available data for sili-
cates (not including hydrous silicates), fourfold-coordi-
nated sites fal in the range 49-52 ppm and
sixfold-coordinated sites 8-27 ppm (MacKenzie and
Meinhold 1994; Fiske and Stebbins 1994). A Mg signal
was seen at 55 ppm for a fivefold-coordinated site in
grandidierite (MacKenzie and Meinhold 1997), but this
material contains as much B as Si. The B could affect the
chemical shift, because next-nearest neighbors have been
known to affect chemical shifts for other nuclides in sil-
icates (Engelhardt and Michel 1987). Grandidierite also
contains a fivefold-coordinated Al site that has a ZAl
chemical shift in the range for fourfold-coordinated Al
(MacKenzie and Meinhold 1997), possibly for the same
reason.

Relationships of chemical shift with coordination num-
ber were seen for several other cations in silicates, par-
ticularly 2Na, S, Al, and Li (e.g., Xue and Stebbins
1993; George and Stebbins 1995; Xu and Stebbins 1995;
Engelhardt and Michel 1987). In each of these cases, the
peak is moved to lower frequency with increasing coor-
dination, as is the case for Mg. This has been explained
in terms of a decreasing contribution of the paramagnetic
term to the chemical shielding as the bonds become more
ionic (George et al. 1997; Engelhardt and Michel 1987).
Other structural parameters correlate with coordination
number and might correlate with the chemical shift too.
For 2Na, trends of decreasing chemical shift with increas-
ing average Na-O bond length and degree of polymeriza-
tion (NBO/T) aso have been observed (Xue and Stebbins
1993; George and Stebbins 1995), and trends with Si-O-
Si bond angle have been established for #Si (Engel hardt
and Michel 1987). Insufficient data exists for Mg at
present to determine whether trends with bond length or
angle also hold for Mg. However, the trend with coordi-
nation number is consistent among various cations and
seems to hold true for fourfold- and sixfold-coordinated
Mg.

To our knowledge, there has been only one NMR study
of Mg in amorphous materials. Fiske and Stebbins
(1994) observed Mg in sodium and calcium magnesium

silicate melts at high temperatures, and concluded that
Mg has an average coordination number of about five in
these melts. Furthermore, they observed a shift to low-
er frequency with increasing temperature in their
(Na,0),.,5(Mg0), .5(SIO,),s, CcOMposition, which was at-
tributed to a dlight increase in the size of the site with
temperature. Similar shifts to lower frequency have been
observed in silicate melts at high temperature for 2Na
(George and Stebbins 1996; Maekawa 1993), as well as
for 2Na in borate and germanate melts (George et al.
1997). Mg measurements of these materials at lower
temperatures were unsuccessful, probably because of the
large linewidth expected in the case where motional av-
eraging of the disordered Mg positions is absent in the
glass (Fiske and Stebbins 1994). This present study ex-
pands the previous work on Mg in silicate melts (Fiske
and Stebbins 1994) to several new compositions and to
higher temperature.

EXPERIMENTAL PROCEDURES

Sample synthesis

Glass samples were prepared using reagent grade
Na,CO,, SiO,, Al,O,, and CaCO,, as well as 97% en-
riched 2MgO (Pennwood Chemicals, Inc.). The starting
materials were ground together, decarbonated at around
720 °C, melted in a Pt-5%Au crucible at 50—100° above
their melting points, and then quenched by putting the
crucible in a shallow dish of water. The resulting material
was clear glass in all cases, and weight loss measure-
ments indicated that these were close to nominal stoichi-
ometry. Compositions (Table 1) were chosen to have
melting temperatures below 1400 °C and relatively low
viscosities from 1200-1500 °C. Because of the cost of
enriched »MgO, synthesis batch sizes were limited to the
amount needed for one set of measurements: 400-500 mg
each.

High T NMR spectroscopy

NMR measurements were made using a modified Var-
ian VX R-400S spectrometer, operating at 24.484 MHz for
#Mg. The peak positions were referenced to an external
1M Mg(NGQ,), solution at room temperature. The pulse
length for a 90° radio frequency (rf) tip angle in the liquid
was 24 us a room temperature and increased to about
twice that at the higher temperatures (measured on MgO
and the glasses) due to the decreased efficiency of the
probe at high T. The results of 500-1500 pulses were
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Ficure 1. Static Mg NMR spectra in silicate melt
(CMASL).

averaged for the melt spectra. Relaxation times were mea-
sured using an inversion-recovery pulse sequence.

The high-temperature measurements were made using
a home-built high-temperature static probe similar to that
of Stebbins (1991), modified to use a 7.5 cm, instead of
a 5 cm, long-heating element. The samples were con-
tained in a hexagonal boron nitride sample container. The
experiments were run under a reducing atmosphere
(5%H-95%N) to protect the Mo heating element.

The temperature was calibrated in two separate exper-
iments with a thermocouple encased in alumina placed in
the same location as the center of the sample capsule.
The error is =15 °C. Peak positions were corrected for
furnace polarity as in Fiske et a. (1994). Both MgO and
NaMg2 silicate glass composition (Table 1) were run in
the new probe to check for reproducibility of previous
data (Fiske et a. 1994; Fiske and Stebbins 1994); the
expected results were obtained.

Some reaction with the sample container was observed
in the high-temperature experiments: Theinitially bubble-
free glasses were full of bubbles and were very thor-
oughly adhered to the sample container at the end of the
experiment. However, there was no apparent reflection of
this reaction in the observed data, as the data obtained
on heating were reproducible on cooling.

ResuLTs

Mg signals were only observed at temperatures above
1000 °C; the spectra of CMASL are shown in Figure 1.
All of the samples showed a dramatic decrease in line
width as the temperature increased except for the peak
from the KNM composition, which leveled off at a width
of about 2000 Hz at 1300 °C and did not narrow further.
The peak positions of most of the melts did not appear
to change with temperature within the scatter of the data,
but the NaM g2 composition of Fiske and Stebbins (1994)
showed the same decrease with temperature as observed
previously (Fig. 2). This decrease in frequency indicates
a dight increase in the size of the site with temperature,
although extrapolation of the chemical shift even down
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Ficure 2. Mg peak positions in NaMg2 silicate melt. Cir-
clesindicate the current data; squares indicate those of Fiske and
Stebbins (1994).

to T, indicates a Mg coordination number around five,
which is not too different than that at 1400 °C (see be-
low). The amount of structural change in these materials
with temperature in this range does not appear to signif-
icantly impact the Mg-coordination number.

By 1400 °C, the lines are narrow enough (except per-
haps for KNM) that the peak position is the isotropic
chemical shift. By this point, the NMR signals from all
five transitions are fully averaged, and the line is narrow
and liquid-like. The pulse widths necessary to obtain the
maximum signal intensity (90° rf tip angle) for the melts
at this temperature are the same as those for crystalline
MgO, which is cubic and has a quadrupolar coupling con-
stant of zero, indicating that the transitions are fully av-
eraged in the melt. Comparison of the isotropic chemical
shifts in the liquids to those in crystalline materias (Fig.
3) shows that the chemical shifts of the melts at 1400 °C
occupy slightly higher frequency than the range for six-
fold-coordinated Mg in crystals, but are well below the
known fourfold-coordinated range. This fact strongly im-
plies that the coordination number of Mg in these melts
at 1400 °C is somewhere between five and six, depending
on composition.

Little difference exists between Di and CMAS2 peak
positions, indicating that addition of a small amount of
Al does not affect the peak position significantly. How-
ever, the Mg chemical shifts in the melts do appear to
vary systematically with type of modifier cation. A com-
parison of the Di and CMAS1 peak positions at 1400 °C
shows that the increased amount of Ca (at the expense of
Mg) shifts the peak to higher frequency. The addition of
Na also shifts the peak to higher frequency (in NaMg2)
and both K and Na further still (in KNM). In generadl, it
seems that the addition of a second modifier cation of
lower field strength pushes the peak position to higher
frequency, as seen in Figure 3, a plot of chemical shift
vs. the average field strength of the modifier cations.

Spin-lattice relaxation times (T,) were also measured.
The fact that the spin-lattice relaxation times increase
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Ficure 3. Mg isotropic chemical shifts in silicate melts

near 1400 °C, as a function of average modifier cation field
strength [Z/r?, where Z is the charge and r is the atomic radius
in A taken from Shannon and Prewitt (1969)]. Chemical shift
ranges for fourfold- and sixfold-coordinated Mg in crystals at
room temperature are shown by arrows.

with temperature (Fig. 4) indicates that the observed tem-
perature range is on the high-temperature side of the T,
minimum, and the frequency of motion causing the quad-
rupolar relaxation is higher than the Larmor frequency.
The activation energies for the motion responsible for re-
laxation derived from the slopes of the T, data range from
119-158 kJmol (Table 1). The relaxation times scale
with the line widths (FWHM), indicating that the exper-
iments are in a simple regime where the line is ““liquid-
like” and T, = T,, where T, = Un(FWHM) (Engelhardt
and Michel 1987).

Discussion

Peak positions

The idea that the coordination number or size of the
site for a cation is correlated with the field strength of
other cations present in the material is not unique to Mg.
Such relations were shown for other elements as well
(e.g., Al3+, Bunker et a. 1991; Ni2+, Galoisy and Caas
1992; and Fes+, Mysen 1988) and relates to Pauling’s sec-
ond rule. If a higher field strength cation is substituted
(higher charge and/or smaller size), the replacement cat-
ion takes more of the electron density from the O atoms,
leaving less for the Mg, and consequently a necessarily
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Ficure 4. Natura logarithms of Mg spin-lattice relaxation
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larger average coordination number is necessary to bal-
ance the Mg charge. This picture is consistent with the
lower frequency chemical shift seen for Mg in the Di and
CMAS2 melts, which have higher average field strength
modifier cations and might be expected to have larger
average Mg sites compared to compositions containing
lower field strength cations such as NaMg2 and KNM.
Also, a comparison of the compositions of CMAS1 and
CMAS2 leads to a prediction of a higher frequency chem-
ical shift for the CMASL composition (which differs from
CMAS2 and Di in that it contains more Ca and less Mg)
because Ca has a lower field strength than Mg, and this
indeed is the case. Gorbachev et al. (1983) postulated a
change in Mg coordination with composition, with ma-
terials containing more Na (lower field strength) having
a smaller coordination number than those containing
more Mg.

The fact that the Al-containing samples do not have
significantly different chemical shifts than similar com-
positions with no Al (compare Di and CMAS?) is sen-
sible for two reasons. First, the amount of added Al was
6 mol% or less. Second, the other modifier cation present
in CMAS2 (Ca) is thought to be more likely than Mg to
associate with the Al (Lisenenkov 1981; Sykes and Scarfe
1990), so the Mg site is less likely to be affected.

Much disagreement exists in the literature about the
actual coordination number of Mg in silicate glasses and
melts. It is possible that some of this disagreement stems
from a composition dependence of the size of the average
Mg coordination environment, but there remains dis-
agreement even among authors studying the same com-
positions. Many X-ray studies list average bond lengths
that fall near the typical value for sixfold-coordinated
sites in crystalline silicates (2.08 A at room temperature
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and 2.12 A at 1500 °C; Brown et al. 1995), but report
coordination numbers near four derived from the area un-
der the Mg-O peak in the radial distribution function (rdf)
(Waseda and Toguri 1977; Kern et a. 1986; Taniguchi et
al. 1995; Matsubara et a. 1988; Taniguchi et a. 1997,
Yin et a. 1983). Some of these authors point out that
these long bond lengths in combination with the small
coordination numbers would leave the Mg underbonded
and that the site is more likely to be a distorted sixfold-
coordinated site (Yin et a. 1983; Kern et a. 1986). Mo-
lecular dynamics calculations for MgSIO, and Mg,SiO,
melts also predict that Mg resides in a distorted site, with
four O atom neighbors near 2 A and two more near 2.2
A (Kubicki and Lasaga 1991).

The coordination number obtained from fitting an rdf
can be affected by disorder and site distortion and can be
model dependent. For a distorted site, the signal from one
or more Mg-O pairs could be hidden in the rdf under
other contributions, especially since Mg is a relatively
weak X-ray scatterer. For this reason, the coordination
numbers obtained by fitting the area under the rdf curve
are not always accurate (Kubicki and Lasaga 1991; Kern
et a. 1986). The bond valence formalism of Brese and
O Keeffe (1991) can aso be applied. The bond valence
sum (V) around a cation is defined as

V = ZpseXp[(R — d)/0.37] @

where R is the bond-valence parameter (1.693 A for Mg-
O bonds) and d the bond distance (Brese and O’ Keeffe
1991). This sum should equa the charge on the cation;
in the case of Mg, this is two. Using reported bond
lengths of 2.04-2.18 A and a coordination number of
four, a bond valence sum of 1.1-1.5 is obtained. Such
underbonding is not physically realistic. Thus, the bond
lengths seem more consistent with fivefold- to sixfold-
coordinated sites.

Henderson et al. (1992) reported bond lengths from
Mg-EXAFS ranging from 1.92 A in a K-Mg leucite glass
and 1.98 A in diopside glass to 2.07 A for a glass of
“basalt” composition. From comparison to typical bond
lengths of crystals (Brown et al. 1995), these lengths cor-
respond to coordination numbers of near four for the leu-
cite glass to around five for diopside glass to about six
in the basalt composition. The same trend of increasing
size of site with field strength is seen in this study, and
their probable coordination number of about five for di-
opside glass is consistent of our estimate of between five
and six. Some discrepancy is maybe to be expected, due
to possible differences in the glass and melt structures.

The apparent fivefold- to sixfold-coordination environ-
ment of Mg in silicate liquids is larger than the fourfold-
coordination environment observed for Fe2t (Waychunas
et al. 1988, 1989; Jackson et al. 1993) and Niz+ (Farges
and Brown 1996; Farges et al. 1995) using XAFS spec-
troscopy. Because these cations are similar in size to
Mg?+, they might be expected to have similar bonding
environments in the melt. The reason for the discrepancy
is not clear, but it may be related in the differences in
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bonding between an alkaline earth cation and a transition
metal cation. There is also some disagreement about the
coordination number of Fe2 and Niz* in silicate glasses
in the literature, e.g., Keppler (1992) asserts distorted oc-
tahedral sites, whereas Farges and Brown (1996) and
Waychunas et al. (1989) argue that the coordination num-
ber is five in glasses.

Farges and Brown (1996) argued that the NMR data
of Fiske and Stebbins (1994) could represent fourfold-
coordinated Mg if therma expansion of the bonds was
taken into account; however, this calculation was based
on estimated bond lengths from the Mg NMR. The bond
length correlation with Mg chemical shifts is somewhat
uncertain. If more data are included than used by Fiske
and Stebbins (1994), the estimated bond length NaMg2
should be about 2 to 2.06 A. This observation could rep-
resent a coordination number at 1500 °C of up to 5.2,
using a similar calculation to that of Farges and Brown
(1996). In genera, the empirical chemical shift trends
with coordination number for cations in silicates are more
obvious than those for bond length, and it is more rea-
sonable to trust the coordination numbers than any esti-
mated bond lengths. This is particularly true for Mg,
where there is a large difference between the fourfold-
and sixfold-coordinated ranges of chemical shifts and a
scarcity of data for crystalline silicates upon which to
base more subtle trends with bond length or angle. The
Mg NMR chemica shifts of both Fiske and Stebbins
(1994) and this study clearly fall closer to the known
range for sixfold-coordinated sites than that seen for four-
fold-coordinated sites. It should be noted, however, that
the fourfold-coordinated range is based on only two com-
positions, and is likely to be somewhat broader than in-
dicated in Figure 3.

Relaxation times

A correlation time for the quadrupolar fluctuations
causing relaxation can be calculated from spin-lattice re-
|axation times on the high-temperature side of the T, min-
imum using the relation for quadrupolar relaxation in a
liquid (Abragam 1961)

1 _3m 2+3 (eqQ\, & w
T, 10122 - 1)( h )(“ 3>T°' 2

In this expression, eqQ/h is the quadrupolar coupling
constant, n the quadrupolar asymmetry parameter, | the
nuclear spin, T, the NMR spin-lattice relaxation time, and
7. the correlation time. For our melts, . can be estimated
by assuming QCC = 4.5 MHz and vy = 0. The asymmetry
parameter m does not have a large impact on the final
value, and the QCC value was chosen because it was
similar to that observed in crystals (Fiske and Stebbins
1994).

The correlation times in Figure 5 can be compared to
those derived from viscosity data to determine whether
or not the Mg motion is coupled to that of the network
at these temperatures. The shear relaxation time 14, iS
given by
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M
where v is the viscosity and G, the infinite frequency
shear modulus, commonly taken to be 10 GPa (Stebbins
1995). The ., vaues thus calculated are very close to
the 7, calculated from the 2Mg T, data (Fig. 6), indicating
that the frequency of Mg motion is similar to that of the
network at these temperatures in the melts.

This coupling to the network for Mg contrasts with the
behavior of Na, which is coupled to the network at high
temperatures, but progressively decouples as the temper-
ature decreases. Data for both elements in different com-
positions can be compared by plotting T vs. a temperature
scaled by the glass transition temperature (i.e., vs. Tg/T).
Comparison of 2Nain Na,Si,0, (Sen et a. 1996) to 2Mg
in Di in Figure 7 shows that Mg remains coupled to the
network motion at much lower temperatures than the
point at which Na begins to decouple. This reflects the
stronger bonding to the network that magnesium experi-
ences compared to an akali ion. Similar comparisons can
be made for the other compositions in this study.

Because the relaxation times scale with the viscosity
in this temperature region, and the line widths are con-
trolled by T,, the Mg line width is entirely governed by
the viscosity of the liquid. This severely limits observa-
tion of a Mg signal to compositions whose viscosities are
relatively low below 1500 °C and adds to the difficulty
of the experiment. This correlation of the line width with
viscosity is likely to be the reason that the Mg lines are
too broad to observe in glasses at lower temperatures.

We were unable to locate viscosity data for the KNM
composition to compare to the aimost invariant . from
Mg relaxation times. It is possible that this composition
shows relatively *‘fragile” dynamical behavior (Angell
1991), with a viscosity curve that changes only slowly
with temperature in this region. Another alternative isthat
we are actualy very close to the T, minimum, where T,
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is difficult to measure and the T, curve flattens out. If this
were the case, the T, minimum for this composition
would be at a much higher temperature than that for the
pure sodium composition (which is at lower temperature
than we could observe) and would give evidence for the
large K ions hindering Mg motion. A final possibility is
that the NMR relaxation correlation times are beginning
to decouple from the shear correlation times in this com-
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Ficure 7. Comparison of the extent of modifier cation cou-
pling to the silicate network for Mgz* and Na* in silicate melts.
The dotted line shows 7., calculated from the viscosity data for
Na,Si, O, melt, and the dashed line shows correlation times de-
rived from 2Na NMR data for that same composition [23Na data
from George and Stebbins (1996) and Sen et a. (1996)]. The
solid line shows T4, calculated from the viscosity of diopside
melt, and the diamonds are the correlation times derived from
Mg T, data. Data are plotted against the inverse of absolute
temperature, multiplied by the glass transition temperature T, to
scale dynamics properly.
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position. In the similar NaM g2 composition, it is possible
that the NMR relaxation correlation times are also begin-
ning to decouple from the shear correlation times at lower
temperatures (Fig. 6), but the uncertainties in these points
are too large to say this with any confidence.
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