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Mechanical and microstructural evidence indicates that a natural and a synthetic quartzite 
deformed by Newtonian dislocation (Harper-Dorn) creep at temperatures higher than 
1073 K and stresses lower than 300 megapascals. The observation of this creep in these 
materials suggests that the lower crust may flow like a Newtonian viscous fluid by a 
dislocation mechanism at stresses much smaller than those previously postulated. 

T h e  dynamics of the lower crust are criti- 
cally dependent on the plastic flow proper- 
ties of its main constituent minerals. Ouartz 

, \ 

is one of them. Creep in many crystal-line 
materials has been shown to change, as the 
applied stress, o, decreases, from power law 
dislocation creep with a stress exponent, n, 
of 3 to 5 to Newtonian viscous flow with n 
= 1. The Newtonian behavior could be 
induced by diffusional creep involving the 
transfer of matter from one grain boundary 
to another (1)  or by Harper-Dorn (H-D) 
creep, a Newtonian dislocation creep in- 
volving dislocation activation within grains 
(2). This change, however, had not been 
observed in quartz, despite extensive stud- 
ies. The lack of knowledge about this 
change has prevented accurate modeling of 
the deformation on various scales, ranging 
from minor folding to plate tectonic bound- 
aries, as well as reliable reconstruction of 
the thermomechanical history of the lower 
crust. We report here experimental evi- 
dence for the o~era t ion  of Newtonian dis- 
location creep in a natural quartzite and 
suggest that it was also seen in deformation 
of a synthetic quartzite in an earlier study 
(3 ) .  

deformation, specimens were held at exper- 
imental T and PC for 20 hours. Increase in 
the cross-sectional area of the specimen 
with strain was compensated by increasing 
the axial load gradually with computer in- 
terfacing. We controlled oxygen, water, and 
hydrogen fugacities (fez, fH 0, and fH,) in 
the environment (4) by encSosing the spec- 
imen with a small amount of a solid oxygen 
buffer (-0.25 mg) and water (-50 yl)  in a 
mechanically sealed Ag capsule. Oxygen 
buffers used were Mn304/Mn203, Cu/ 
Cu20,  Ni/NiO, Mo/Mo02, and Ta/Ta205, 
which covered wide ranges of fugacities. 

A mechanical steady state was reached after 
3 to 5% strains and continued to high strains 
(-50%) in most of the experiments. The creep 
rate in this state, 6, increased with increasing a ,  
T, fo2, and fH20. TWO distinct creep regimes 
were observed at T > 973 K in all buffered 
environments, one at a 5 300 MPa with n - 1 
and the other at a 2 500 MPa with n = 2.4 
(Fig. 1). Weused the following form of the flow 
law to fit creep data falling in different regimes 
separately: 

\ - - - /  
We conducted creep experiments in a 

solid confining-medium, Tullis-modified, where A is a material constant, Q is the 
Griggs rig on Heavitree quartzite. This al- activation energy, R is the gas constant, and 
most undeformed starting material con- m and t, are fugacity exponents. The best 
tained only small amounts (<2%) of impu- 
rities (feldspar, mica, and iron oxides) and 
had a grainsize, d, of 200 + 50 y m  (4). The 
specimen assembly used was the same as 
that in (5). All specimens were deformed at 
constant differential stresses, a, of 100 to 
1000 MPa; constant temperatures, T, of 873 
to 1173 K; and a nominal confining pres- 
sure, PC, of 1500 MPa. Before the start of 
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Fig. 1. Plot of creep data for natural quartzite at T 
= 1073 K. A regime of n = 1 is exhibited in all 
buffered environments at low stresses. 

fitting results are, for the n = 1 regime, A = 
1.57 x s-' MPa-" - P - " with m - 0, 
p = 0.41, and n = 0.99, and Q = 131.5 
kJ/mol; and, for the n - 2.4 regime, A = 
9.14 x lop8 s-' MPa-" - P - " with m .c: 0, 
t, = 0.24, n = 2.39, and Q = 101.3 kJ/mol. 

The o ~ t i c a l  microstructures observed in 
both regimes of n = 1 and n = 2.4 were 
homogeneously flattened grains, deforma- 
tion lamellae, subgrains, new recrystallized 
cluartz crvstals, and small amounts of melt 
(1% by volume in Ta-buffered specimens 
and 3% by volume in Mn-buffered speci- 
mens) (6). Transmission electron microsco- 
py (TEM) observations showed that the 
deformation lamellae in the n = 1 regime 
were parallel dislocation arrays but that 
those in the n = 2.4 regime were strips with 
intensely tangled dislocations. Most recrys- 
tallized grains originating from subgrain ro- 
tation and grain-boundary migration in the 
n = 2.4 regime were so small that they 
could not be easily identified without TEM. 
The melt tended to reside at triple grain 
junctions and grain boundaries oriented at 
the loading direction. " 

The most remarkable microstructural 
difference between the two regimes was 
that, in the n = 1 regime, free dislocations 
were generally curved, long, and homoge- 
neously distributed in the interiors of orig- 
inal grains or subgrains. Many bowed to- 
ward the same direction, which indicated 
their moving orientation. However, in the " 
n = 2.4 regime, curved free dislocations 
were short whereas straight free disloca- 
tions found in some grains were long and 
strongly crystallographically controlled. 
Such crystallographically controlled dis- 
locations, which suggest the occurrence of 
pure glide, were never observed in the n 
= 1 regime. Another difference between " 
the two regimes was that the free disloca- - 
tion density did not  change with chang- 
ing stress in the n = 1 regime (-5 X 1013 
m-'), although it did increase with in- 
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Fig. 2. Plot of the original (+) and the recalculated 
(0) rheological data from (3) for the silica gel- 
origin quartzite at T = 1300 K. Both sets of data 
show a regime of n = 1 at a < 260 MPa. 
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creasing stress in the n = 2.4 regime (6). 
For partial melting to have a significant 

effect on the rheology of the bulk specimen, 
the melt phase must totally intrude into all 
grain boundaries or form an interconnected, 
three-dimensional network along three- 

show two rheological regimes, one with n = 
1 and the other with n ;-; 3, with the 
division occurring at a - 260 MPa (9). 
This division could also be seen in the 
original data. 

To  investigate grain size effect, we ex- 
amined the recalculated data of different 
grain sizes from (3) at a < 260 MPa in the 
form of log (€/a) versus log (d) (Fig. 3 )  and 
observed that the Newtonian creep of the 

creep, a,, is -260 to 300 MPa in synthetic 
and natural quartzites. The dislocation den- 
sity in H-D creep, p, is -5 X 1013 m-2 for 
quartzite. These values of a, and p are sig- 
nificantly larger than those observed for 
metals (a, < 1 MPa, p = lo8 m-2) and 
oxides (a ,  < 100 MPa). These differences 
may be due to the fact that quartz has a 
higher Peierls stress than the latter materi- 
als (13). 

" 
grain edge intersections (7). The presence 
of small amounts of melt residing at triple 
grain junctions in the n = 1 regime is 
unlikely to provide a short circuit diffusion 
path and thus enhance grain boundary dif- 
fusional creep (8). The strong grain flatten- 
ing and the extensive formation of disloca- 

\ ,  

The rheology of the lower crust is gen- 
erally believed to be determined by the flow 
behavior of quartz and feldspar. Observa- 
tion of H-D creep in quartzites, and in both 
a single crystal and a polycrystal of feldspar 
( I#) ,  indicates that the lower crust flows 
like a Newtonian viscous fluid by a disloca- 
tion mechanism. By extrapolating the de- 
termined flow laws of H-D creeD and those 

gel-origin synthetic quartzite is indepen- 
dent of d in the experimental grain size 
range of 30 to 100 pm. This Newtonian 
creep behavior is inconsistent with existing 
diffusional or grain boundary sliding creep 
mechanisms, which show grain size depen- 
dencies, but is in agreement with H-D 
creep, which involves intragranular disloca- 
tion motion and thus is not affected by the 

tion-related microstructures, together with 
the obvious development of c axis preferred 
orientations in the n = 1 regime ( 6 ) ,  are 
inconsistent with deformation by diffu- 
sional or gram boundary sliding creep but 
suggest control of an intragranular disloca- 
tion process operating in H-D creep. 

In a similar study, Luan and Paterson (3) 
of power law creep for quartzites to the 
conditions in the lower crust (Fig. 4), we 
found that, at a geological strain rate of 
10-12 s-l and tem~erature of 773 K, the 

grain size. 
Iri contrast to the specimens of gel ori- 

gin, the recalculated data from (3) for the 
quartzite of silicic acid origin yield n = 3 at 
all experimental stresses. Failure to observe 
H-D creep in this material may be related to 
its low water concentration (10). 

com~ressed svnthetic auartzites at a con- 
stan; piston displacemekt rate and at T = 
1100 to 1500 K and PC = 300 MPa. They 
found a stress exponent, n, of -2.3 for 
gel-origin specimens and an n of -4 for 

flow stress of cluartzite controlled by H-D 
creep is smaller by more than two orders of 
magnitude than that controlled by power 
law creev. This result indicates that the 

~, 

Natural quartzites were also deformed to silicic acid-origin specimens, regardless of 
the stress level. However, the reported n 
values may not be accurate. The apparent 
strain rate (i,) reported in (3) was calculated 
from an imposed constant displacement rate 
and the original specimen length. Such €, 

underestimates the true strain rate (i) at the 

a mechanical steady state in some other 
studies (1 1). However, Newtonian creep 
behavior was not observed. Although it is 

stress level in the lower crust, if H-D creep 
is rate-controlling, may be significantly 
smaller than that believed previously (1 1,  
15), assuming that power law creep is rate- 

" 
impossible to explain fully the differences 
between the previous and the present re- 
sults, we suggest that application of a con- 
stant stress.(rather than a constant load) or 

controlling. 
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Fig. 4. Extrapolation of the fiow laws for H-D 
creep and power law creep for the present natural 
(solid heavy lines) and the silica gel-origin synthet- 
ic (3) (dashed heavy lines) quartzites to a geolog- 
ical strain rate of 10-l2 s-I at f - 300 MPa. 
The hatched region represents earher results also 
on quartzites for power law creep summarized by 
Paterson and Luan (15). 
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Fig. 3. Illustration of the independence of the 
Newtonian creep with respect to grain size, based 
on the recalculated data for the gel-origin quartzite 
from (3) (A). The present data (.) for Heavitree 
quartzite with d - 200 +m were adjusted to T = 

1300 K and f H20 = 300 MPa (Eq. I )  (n = I) and 
are included for comD arison. 
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The Nature of the Glass Transition in a 
Silica-Rich Oxide Melt 

Ian Farnan* and Jonathan F. Stebbins? 

The atomic-scale dynamics of the glass-to-liquid transition are, in general, poorly un- 
derstood in inorganic materials. Here, two-dimensional magic angle spinning nuclear 
magnetic resonance spectra collected just above the glass transition of K,Si,O, at 
temperatures as high as 583°C are presented. Rates of exchange for silicon among silicate 
species, which involves Si-0 bond breaking, have been measured and are shown to be 
closely related in time scale to those defined by viscosity. Thus, even at viscosities as high 
as 1 01° pascal seconds, local bond breaking (in contrast to the cooperative motion of large 
clusters) is of major importance in the control of macroscopic flow and diffusion. 

M o l t e n  silicates play a major role in heat 
and mass transfer in the crust and mantle of 
the Earth, as well as being the precursors to 
technological materials such as glass and 
ceramics. If crystal nucleation and growth 
rates are slow in comparison to the rate of 
temperature decrease, cooling of a silicate 
liquid will result in its trarisformation to a 
glass at a rate-dependent temperature T,. 
This transition is generally marked by sub- 
stantial decreases in heat capacity, thermal 
expansivity, and compressibility that reach 
values in the glass that are similar to those 
of the corresponding crystalline solid. The 
glass transition is traditionally viewed as the 
temperature at which the rate of change of 
the structure of the liquid with cooling (a 
structural relaxation) becomes too slow to 
remain in equilibrium at the given cooling 
rate. More rapid p processes, while of rela- 
tively minor bulk energetic consequence in 
silicates, may contribute to ultrasonic and 
dielectric relaxation both above and even 
well below T, (1). The uncoupling of a 
processes from p processes during cooling 
may be an important part of the transition 
from liquid to glass (2). 

The configurational entropy generated 
by structural change above T, is quantita- 
tively linked to viscosity (3). A n  under- 
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standing of the structural mechanism of the - 
transition to a glass can thus provide in- 
sights into both thermodynamic and trans- 
port properties of the liquids, as well as the 
relaxation that takes place during annealing 
of glasses, which transforms them into us- 
able materials. In this report, we describe 
two-dimensional (2D) 29Si magic angle spin- 
ning nuclear magnetic resonance (MAS- 
NMR) experiments on K2Si409 liquid at 
temperatures just above T, that provide a 
new quantitative link between bulk viscos- 
ity and a microscopic mechanism of ex- 
change among structural species. 

As a liquid, K2Si40, consists of a net- 
work of SiO, tetrahedra, with some rela- 
tively large sites occupied by network-mod- 
ifying Kf cations. In about half of the tet- 
rahedra (Q4 groups), all four oxygens are 
linked to other tetrahedra (bridging oxy- 
gens); in the other half (Q3 species), one 
oxygen is not shared by a second Si but is . - 
coordinateil by several Kf cations (non- 
bridging oxygens). A variety of minor spe- 
cies are also present, including S i05  groups 
(4). A t  normal laboratory cooling rates, T, 
for this liquid is close to 500°C (5). In 
previous one-dimensional ( ID)  static (non- 
MAS) 29Si NMR work at higher tempera- 
tures (6),  the presence of a single resonance 
line indicated rapid chemical exchange of 
silicon between Q3 and Q4 groups. The 
measured rates at which these s~ecies  ex- 

*Present address: Centre de Recherches sur la Physique change with each other, and also the rate at 
des Hautes Temperatures, Conseil National de Recher- 
che Scientifique, 45071 Orleans Cedex 2, France. which bridging and nonbridging oxygens 
?To whom correspondence should be addressed. exchange, was used in a simple model to 

15. M. S. Paterson and F. C. Luan, in Deformation 
Mechanisms, Rheology, and Tectonophysics, R. J. 
Knipe and E. H. Rutter, Eds. (Geological Society 
Special Publication 54, London, 1990), pp. 299- 
307. 

16. Postdoctoral support for J.N.W. was provided by the 
Japan Society for the Promotion of Science. J. N. W. 
thanks J. N. Boland for instructing some TEM work 
and many people (especially S. He) in Central South 
University of Technology, Changsha, for valuable 
discussion. Comments by J. Tullis improved the 
report. 

11 January 1994; accepted 29 June 1994 

accurately predict the bulk viscosity down 
to about 850°C (6, 7). 

A possible mechanism for this process, 
which is consistent with a number of pub- 
lished molecular dynamics simulations, is 
shown in Fig. 1. At' these higher tempera- 
tures this two-step exchange process passes 
easily through the intermediate step to 
complete exchange from Q3 to Q4. The 
NMR exchange rate data could also be 
collected down to 690°C, but in this lower 
range, predicted viscosities were significant- 
ly lower than experimental values. This 
divergence is probably a result of the pro- 
gressive inhibition of complete exchange 
and the increased importance of self-ex- 
change to 1D NMR line narrowing. Forma- 
tion of the intermediate state (Fig. l )  fol- 
lowed by decay back to original Q3 and Q4 
species without exchange but with changed 
orientations with respect to the external 
magnetic field will contribute to 1D NMR 
peak narrowing but not to the flow mech- 
anism of the liquid because there is no net 
throughgoing motion of an oxide anion. 
The 1D NMR spectra are limited because 
they are sensitive only to motions with 
frequencies within about an order of mag- 
nitude of the frequency separation and 
widths (in hertz) of their component peaks. 
For the static 29Si NMR spectrum of 
K2Si409, this is -10 kHz, and the slowest 
motlons that could be detected were thus 
about 1 kHz. 

In contrast, 2D chemical exchange 
NMR experiments can detect much slower 
motions and can also separate the complete 
exchange from other peak-narrowing pro- 
cesses. This approach has been developed 
and elegantly applied to quantify dynamics 
in organic polymers, including studies of the 
nature of the glass transition (8,9). The 
technique has been described in detail (1 0) 
and involves a typical 2D NMR sequence of 
preparation, evolution, mixing, and detec- 
tion. The 2D Fourier transform produced at 
the end of the experiment displays correla- 
tions between the NMR frequency of a 
nucleus at the start and at the end of the 
mixing time. The mixing time (t,nix) is cho- 
sen to probe characteristic times associated 
with exchange in the sample, and observ- 
able dynamics are thus not limited by 
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