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Silicon and Oxygen Self-Diffusivities
in Silicate Liquids Measured to
15 Gigapascals and 2800 Kelvin

Brent T. Poe,” Paul F. McMillan, David C. Rubie,
Sumit Chakraborty, Jeff Yarger, Jason Diefenbacher

Mass transport properties of silicate liquids exhibit complex behavior as a function of
pressure, as the tetrahedral framework structure of the liquid shifts to a more compact
arrangement of atoms. For highly polymerized aluminosilicate liquids, oxygen diffusivi-
ties pass through a maximum at pressures below 10 gigapascals, whereas up to 15
gigapascals diffusivities continue to increase for sodium tetrasilicate liquid. A diffusivity
maximum indicates a change in the mechanism of formation of 5-coordinated silicon or
aluminum in the liquid. In the case of aluminosilicate liquids, this mechanism is restricted
to aluminum sites in the network, suggesting that not only degree of polymerization, but
also the ratio of aluminum to aluminum plus silicon strongly influences the behavior of

magmatic processes at depth.

The ascent and emplacement of magma
within Earth’s crust and mantle are largely
controlled by the viscosity and density of
silicate melts at high pressure (I, 2). Recent
studies have shown that viscous flow in
high silica liquids is determined by O?~
transfer reactions, involving the formation
of SiO; or AlO; intermediate species (3-59).
These high-coordinate species are also
formed during compression of melt (4-9),
which could explain the reduced viscosity
reported for some silicic magmas at pres-
sures extending up to 3 GPa, corresponding
to depths of less than 100 km. We have
obtained data on the diffusivities of the
network-forming ions O?~ and Si*" in sil-
icate and aluminosilicate melts at pressures
up to 15 GPa, and we use the data to
estimate melt viscosity throughout the pres-
sure range of the upper mantle to the tran-
sition zone.

Direct viscosity determinations on alu-
minosilicate melts had been limited to
pressures less than 3 GPa (10-13). At
higher pressures (14-16), one can esti-
mate melt viscosity (1) by measuring the
O?~ diffusivity (Dsz-) through the Eyring

equation,

_ keT
n= 1D

(1)

where kj is the Boltzmann constant (1.38 X
10722 J K71), T is absolute temperature,
and \ is the “jump” distance of the diffusing
ion, taken to be 2.8 A for O~ (17).

The properties of molten aluminosilicates
depend on the degree of polymerization of
their tetrahedral framework, which is conve-
niently expressed in terms of the average
number of nonbridging O atoms (NBOs) per
tetrahedrally coordinated network-forming
cation (usually T = Si** or A" and is
defined for the liquid at ambient pressure)
(2, 18). This parameter (NBO/T) varies
from zero (fully polymerized) to four, if all Si
and Al atoms are tetrahedrally coordinated
to O. We focused on (i) a fully polymerized
aluminosilicate liquid with a composition of
NaAlSi;O4 (NBO/T = 0), (ii) a partially
depolymerized ~ aluminosilicate  liquid,
Na,;AlSi,O,;, (NBO/T = 0.25), and (iii) a
further depolymerized Al-free silicate liquid,
Na,Si,0, (NBO/T = 0.5).

For all the liquids, O?~ diffusivity in-
creased with increasing pressure (Fig. 1), at
least initially, as predicted from molecular
dynamics (MD) simulations (19-23) and
consistent with the results of other experi-
mental studies of polymerized silicate lig-
uids (14-16). Only the Na,Si,O, samples
were 29Si-enriched, and Si** diffusivities
were very similar to those for O?7, also
increasing as a function of pressure (Fig. 1).
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In the case of NaAlSi;Oy, we were able to
compare experimentally determined viscos-
ities with those determined by the Eyring
relation from our high-pressure O diffusion
data (Fig. 2). The data agree well from low
pressure (viscosity data) to high pressure
(diffusivity data). If the Eyring relation also
holds for the other two liquids we examined
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Fig. 1. Self-diffusivities of 02~ (in Na,Si,0O,
Na,AlSi,O,,, and NaAlSi;Og) and Si**  (in
Na,Si,0,) as a function of pressure (A). Experi-
ments were carried out in a 1000-ton multi-anvil
apparatus as described in Rubie et al. (14). Rapid
heating (2500 K min~1) was required to minimize
diffusion before the run temperature was reached.
Samples were held at the indicated temperature
for up to 240 s. Error from the heating ramp was
estimated to be less than 5% at 2100 K and less
than 10% at higher temperatures. The samples
were isobarically guenched to glasses and ana-
lyzed by ion microprobe at the University of Edin-
burgh to determine their '80/(*60 + 180) and 3°Si/
(?83i + °98j) concentration profiles. Fourier trans-
form infrared analyses of selected samples indi-
cated that the OH content was in the range 10 to
50 ppm (by weight). A representative 02~ diffu-
sion profile and fit is shown in (B). The profiles
could be fitted by an analytical expression for dif-
fusion between two semi-infinite bodies [see (74)
for additional details]. Because of relatively high
diffusivities, fitting the Na,Si,O4 profiles at 2500
and 2800 K required the use of an expression for
diffusion in finite media accounting for boundary
interactions. In such cases, the length of the dif-
fusion couple was constrained in the fitting pro-
cess. Activation volumes (V*) over the pressure
ranges indicated by lines are given in Table 1.
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for which viscosity data at high pressure are
not available and if N is invariant with
pressure, the data in Fig. 1 suggest that
viscosities for all three liquids initially de-
crease with increasing pressure.

For the Al-free Na,Si,O, melt, O* dif-
fusivity increases by an order of magnitude
between ambient pressure and 15 GPa. This
increase can be understood as resulting from
an increase in the proportion of the 5-
coordinated Si (¥1Si) intermediate species
necessary for O*~ transport. The PISi spe-
cies is formed by attachment of a nonbridg-
ing O atom to an adjacent SiO, tetrahedron
(4, 8). The transport step is completed
when a PISi~O bond different from the one
formed is broken. This O exchange mech-
anism is characterized by a lowered energy
barrier to formation of the high-coordinate
intermediate with increasing pressure. A
decrease in viscosity can also be related to
the increased configurational entropy in the
high-pressure melt, because of the presence
of significant amounts of species with dif-
ferent coordination numbers (13, 24).
Spectroscopic studies have shown that, in
the low-temperature glassy state, P!Si spe-
cies continue to be formed at the expense of
NBO until pressures of 20 GPa or so are
reached (8). The limiting pressure should
be lower at high temperatures because the
reaction forming the high-coordinate spe-
cies has a positive heat of formation AH,
(25). However, a maximum in Da:-, also
predicted from MD simulations (20), is not
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Fig. 2. A comparison of the pressure dependence
of the viscosity (m, in Pas) of NaAISi,O, deter-
mined by falling sphere viscometry (crosses) up to
2 GPa by Kushiro (72) and by our O diffusivity
measurements (dots) from 2.5 to 6 GPa using the
Eyring relation (Eq. 1). The comparison is made for
2100 K, the temperature at which the 02~ diffusiv-
ity experiments were conducted. The viscosity-
temperature relation of albite (NaAlSi;Og) is Arrhen-
ian, with an activation energy £, = 400 kJ mol~"
(33).

observed, even at 15 GPa, for the Al-free
composition.

In contrast, measured O?~ diffusivities
for the Na;AlSi,O,, liquid pass through a
maximum near 8 GPa (Fig. 1). Below this
pressure, the rate of increase in D:- with
pressure is greater than for the Al-free sili-
cate liquid, indicating that the activation
volume is more negative. Because the
Na;AlSi;O;, melt is more polymerized
(that is, NBO/T is lower) than the
Na,Si,0, melt, its fluidity and O*~ diffu-
sivity at low pressure is much lower. How-
ever, O~ diffusivity increased more rapidly
on initial compression, indicating that for-
mation of high-coordinate Al facilitates the
compression of the aluminosilicate liquid.
This inference is borne out by 27Al nuclear
magnetic resonance (NMR) measurements
of Na;AlSi;O,, glasses quenched from the
high-pressure melts. The result shows that
large quantities of 5- and 6-coordinated Al
species are retained in the decompressed
sample (9), whereas no 5- or 6-coordinated
Si was detected by *°Si NMR. High-coor-
dinated Si species are observed in abun-
dance in Na,Si,O, glass synthesized at high
pressure under similar quench conditions
(4).

The O diffusivity maximum near 8
GPa likely occurs when all NBOs have
been exhausted for formation of ®'Al spe-
cies. The Na;AlSi,O,; liquid has a lower
NBO/T ratio than the Na,Si,O, melt, so
fewer NBOs are initially available to in-

—
o

gA T T T T T T T T
K2 . [5]gj
{’6_,_ gl ~ - NaySi,0q Sig
Z < —0—NagzAlSi; 04, G
£ o
o -
= 0
82
]
c e _
5 o
£ 100
E
2
H
) s
02100 K H10-10 £
a
| ! L 1 | |
0 2 4 6 8 10 12 14

Pressure (GPa)

Fig. 3. Abundances of 5- and 6-coordinated Al in
Na,AISi,O,, (solid lines) glasses taken from
Yarger et al. (9) and 5- and 6-coordinated Si in
Na,Si, O (dashed lines) glasses taken from Xue et
al. (4) quenched from high pressure (A), compared
with O2~ diffusivities for the liquids as a function of
pressure, measured in this study (B). The maxi-
mum in O~ diffusivity occurs at a pressure corre-
sponding to that at which the largest amount of
5-coordinated Al is found in the aluminosilicate
glasses. Curves are intended merely as guides to
the eye. The lower curve in (B) (thick line) was
intentionally made to be identical to the upper
curve in (A).
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crease Al coordination by this mechanism.
This result is consistent with the observation
that the relative proportion of PIAI sites,
estimated from the NMR data on the
quenched high-pressure glasses (9), also pass-
es through a maximum for the glass
quenched from 8 GPa (Fig. 3). Likewise, at
the Na,Si,0, composition in which no O*~
diffusivity maximum is observed, glasses con-
tain increasing proportions of high-coordi-
nate species as a function of the pressure at
which they were quenched (Fig. 3) (4).

The NaAlSi;Oyq liquid is fully polymer-
ized (NBO/T = 0). However O~ diffusiv-
ity increased initially with increasing pres-
sure, consistent with viscosity determina-
tions at lower pressures (Fig. 2), and a dif-
fusivity maximum was observed close to 5
GPa (Fig. 1). A different mechanism for O
transport, not involving NBO, must operate
in this case. The /Al intermediate species
must be formed by reaction with bridging O
atoms instead. This mechanism in pure sil-
icates has a high activation barrier because
three short O-Si bonds must form in the
transition state (8, 26). However, the AI-O
bond is longer and [3]-coordinate O involv-
ing bridging O can form at lower pressure.
This certainly contributes to the lowered
viscosity in fully polymerized melts as the
alumina content increases (27). High-coor-
dinate Al species have been detected by in
situ spectroscopy in fully polymerized alu-
minosilicate glasses at even moderate pres-
sures (4 to 5 GPa) (6, 28), and this result is
confirmed by NMR studies of quenched
samples (29). The presence of the O?~
diffusivity maximum at 5 GPa indicates
that this “bridging O” compression mecha-
nism changes when the Si—-O-Al linkages
involving 4-coordinated AI** ions in the
low-pressure glass structure have been ex-
hausted in the formation of high-coordinate
Al species.

Our observations imply that fully poly-

merized melts have high viscosities and low

mobilities of network-forming ions, because

Table 1. Activation volumes (V*) determined for
02~ self-diffusion by linear least squares fit to the
equation D = D, exp(—V*P/RT), where D is diffu-
sivity (in meters per second), P is pressure (in
pascals), T is temperature (in kelvin), and R is
8.3145 J mol~ 1 K1,

%
P range T 3
Compound (GPa) K) n(g;j y
Na,Si, Oy (74) 2.5-10 2100 —-8.3
Na,Si,Og 10-15 2500 -2.8
Na,Si,Ogt 10-15 2500 —2.2
NazAlISI,O,, 4-8 2100 -54
NagAISi,0,, 8-11 2100 47
NaAISi;Oq 2.5-4 2100 -8.3

fDetermined for Si4* self-diffusion.
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of the high activation energy associated
with formation of high-coordinate interme-
diate complexes. This activation barrier is
reduced as Si** is replaced by AI’". The
viscosity decreases rapidly with increasing
pressure, as high-coordinate species involv-
ing the network ions are produced upon
densification of the melt. The negative ac-
tivation volume reflects both the propor-
tion and the type of high-coordinate inter-
mediate sites involved in the O?~ transport
process. A diffusivity maximum is observed
when the available tetrahedral AP™ ions,
which transform most easily to higher co-
ordination, are saturated by pressurization.

The observed trends from our studies
also help predict how water, a depolymeriz-
ing agent, and Fe’" will affect the mass
transport properties of more complex sili-
cate melts at high pressure. Incorporation of
water into the melt creates additional
NBOs, so that the melt viscosity will be
lowered because of the relative ease of O?~
transfer by the NBO exchange mechanism
with increasing pressure, coupled with the
interaction between the O?~ and the much
faster H* diffusivities. Like A>T, Fe?" is
another favorable site for the O exchange
process. Long Fe—O bonds allow high-coor-
dinate intermediate complexes to be formed
more easily upon densification. This reac-
tion will no longer proceed at high pressure,
beyond the point at which the tetrahedral
species, which most easily undergo coordi-
nation increases, have consumed all NBOs.
Any Fe?"-Fe** redox change will also assist
in the O?~ diffusivity mechanism. In the
case of Al-bearing melts, our data indicate
that the O?~ diffusivity maximum is ex-
pected at pressures below 10 GPa, depend-
ing on the melt polymerization and Al con-
tent. Further changes in the densification
and ionic transport mechanisms might be
expected at higher pressures for the alumi-
nosilicate compositions, as coordination
changes involving Si** become important,
but our studies imply that these changes are
unlikely to cause diffusivity slowdown be-
low 15 GPa.

There has been much recent discussion
about the possibility of melting deep within
the mantle. Cold oceanic slab material may
be subducted through the 660-km boundary
into the lower mantle (30), and recent in-
terpretations of seismic data suggest the
possibility of partial melting at the base of
the mantle (31). Such deep mantle melts
may be much more depolymerized than
those studied here, and O*~ diffusion and
viscosity may no longer be related by the
Eyring equation as other diffusion and com-
pression mechanisms such as reorientation,
distortion, and hopping of isolated SiO,*~
groups become competitive with increasing
coordination of the network-forming cation

N R e REPORTS |
in determining the rheology (11, 16). Dif-
fusion experiments of the type described
here are not likely to be successful for high-
ly depolymerized liquids because of quench-
ing problems: falling sphere viscometry
might be used to identify the polymeriza-
tion threshold for competing viscous and
densification processes (11). However, it is
also possible that partial melting and other
segregation processes may result in high-
silica melts deep within the mantle (32),
more similar to those investigated here.
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Trace Gas Emissions and Smoke-Induced
Seed Germination

Jon E. Keeley* and C. J. Fotheringham

Dormant seeds of a California chaparral annual were induced to germinate by smoke or
vapors emitted from smoke-treated sand or paper. Nitrogen oxides induced 100 percent
germination in a manner similar to smoke. Smoke-treated water samples inducing
germination were comparable in acidity and concentration of nitrate and nitrite to ni-
trogen dioxide (NO,)-treated samples. Vapors from smoke-treated and NO,-treated filter
paper had comparable NO, flux rates. Chaparral wildfires generate sufficient nitrogen
oxides from combustion of organic matter or from postfire biogenic nitrification to trigger
germination of Emmenanthe penduliflora. Nitrogen oxide-triggered germination is not
the result of changes in imbibition, as is the case with heat-stimulated seeds.

Fire-prone mediterranean-climate regions
are noted for their abundance of plant spe-
cies whose germination and recruitment are
restricted to postfire environments. For
seeds of many species (such as Fabaceae,
Convolvulaceae, and Rhamnaceae), heat
shock during fire weakens the cuticle and
loosens cells in localized regions, such as the
hilum or strophiole, allowing imbibition
and germination (1).

However, many species that restrict ger-
mination to postfire environments lack an
impervious external cuticle and are not
heat stimulated; instead, germination can
be induced by chemicals released from the
combustion of natural fuels (2). Incubation
in the presence of charred wood has been
shown to induce the germination of the
Californian chaparral annual Emmenanthe
penduliflora (3), as well as that of other
species (4). Smoke triggers the germination
of South African fynbos and savanna (5),
western Australian heath (6), and Great
Basin (Utah) scrub (7). Although 71 com-
pounds have been identified from active
fractions of smoke, none of these com-
pounds were highly stimulatory in pure
form (7), and other studies have also failed
to identify the active components of smoke
(8). Here we show that certain trace gases
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from smoke are sufficient to trigger germi-
nation and discuss mechanisms of how
these gases may induce germination.

Emmenanthe penduliflora (Hydrophyl-
laceae) is an annual largely restricted to
postfire sites, and its germination is cued
not by heat (2) but chemically, by charred
wood (3) or smoke (Fig. 1). For most chap-
arral populations, seeds exhibited deep pri-
mary dormancy: Controls uniformly gave
0% germination, whereas dormancy was
overcome with as little as 1 min of smoke
exposure at ambient temperature (9).

Smoke acts directly on seeds and indi-
rectly through secondary transfer after fire
(Fig. 1); 100% germination was induced by
direct exposure of seeds to smoke or by
incubation of untreated seeds on sand or
filter paper previously exposed to smoke,
with water previously exposed to smoke, or
in the presence of gases emitted from
smoke-treated sand or filter paper. For in-
direct treatments, seeds were sown on me-
dia between 1 and 4 hours after smoke
treatment, and we have observed the same
response with filter paper that was smoke-
treated more than 2 months earlier. Seeds
tolerate 10 min of direct exposure to smoke
but are killed when sown with water ex-
posed for that duration. Water samples that
are lethal at 10 min of exposure will induce
complete germination if diluted 10-fold
(10).

We investigated the stimulatory effect of
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gaseous smoke emissions from the combus-
tion of wood and foliage (11). Although
CO, and C,H, are known to induce germi-
nation in many species, they failed to affect
Emmenanthe (Table 1). Nitrogen oxides in-
duced 100% germination, and NO, was
more stimulatory than NO, (NO + NO,).
With increasing concentration, the expo-
sure time needed to induce germination
declined; NO, induced 100% germination
with 3 min of exposure at 790 mg m™3 [500
parts per million by volume (ppmv)] or with
30 s of exposure at =1.5 X 10°> mg m 3.
NO, induced germination both directly
and indirectly (Fig. 2), as did smoke (Fig. 1).
Also, both smoke-treated and NO,-treated
water extracts were acidic (12). For water
extracts inducing 100% germination, acidity
and the concentration of nitrites and nitrates
in smoke-treated samples were comparable
to those of NO,-treated samples (12). Trap-
ping NO, (13) emitted over 24 hours [time
sufficient to induce germination in vapor
experiments (Figs. 1 and 2)] from smoked or
NO,-treated paper gave comparable NO,
flux rates (26 to 38 ng m~% s~!). Thus,
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Fig. 1. Germination of Emmenanthe for control (0)
and smoke treatments of 1- or 10-min exposures
for direct treatment (smoke-treated seeds incu-
bated on nontreated filter paper) and indirect
treatments [untreated seeds incubated on
smoke-treated sand (10 g of Fisher S25-3) or filter
paper or untreated seeds incubated with smoked
water or exposed in a 180-cm?® chamber to gases
emitted by smoke-treated filter paper (similar re-
sults occur when paper is replaced with sand)).
Bars, 1 SE (n = 3).
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