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CHAPTER 1

INTRODUCTION

Knowledge of viscosity of silicate melts is necessary in order to quantitatively
model volcanic and magmatic processes and in turn to provide insights into the structure
and dynamics of silicate melts. A mechanistic study of xenolith dissolution may aid in
understanding the diagenesis of magmatic system (e.g., Morgan et a., 2006; Shaw,
2006). A numerical model of bubble growth may advance in predicting the mode of
volcanic eruption (e.g., Proussevitch and Sahagian, 1998; Liu and Zhang, 2000). The
success of these models in accurately predicting kinetic and dynamic processes in
igneous systems is critically dependent on the quality of viscosity data of silicate melts.
Laboratory viscosity measurements are performed to better understand detailed
physicochemical behaviors and the results of these studies are then used to understand the
behavior of the melts in nature (e.g., Scaillet et a., 1996). Because the conditions that
pertained in laboratory experiments cannot always be identical to those occurring in
nature, it is also important to have means of interpolating or extrapolating laboratory
results to different (T, P, X) conditions. In this study, one of the primary aims is to
establish a genera viscosity model to estimate viscosity of silicate melts at ambient
pressure. Furthermore, hydrous species reaction viscometer based on the kinetics of

hydrous species reaction in the rhyolitic melts at high pressure is used to infer viscosity



of hydrous rhyalitic melts at pressure up to 2.83 GPa, and parallel-plate creep viscometer
in an internally-heated pressure vessel is employed to measure natural rhyolitic melts at
pressure up to 0.4 GPa, and the pressure effect on the viscosity of rhyolitic melts is
examined.

Chapter 11 presents a new and empirical viscosity equation of anhydrous and
hydrous natural silicate melts. The compositional dependence of viscosity of silicate
melts is of fundamental importance to understand the evolution of magmatic systems
(e.g., Marsh, 2006). However, previous viscosity models can only provide viscosity
prediction of silicate melts either in alimited composition range over a large temperature
range (e.g., Hess and Dingwell, 1996; Zhang et a., 2003), or in a limited temperature
range in a large compositional range (e.g., Shaw, 1972). This chapter provides a generd
viscosity model of silicate melts, which can be used to calculate viscosity of all natural
silicate melts in alarge temperature range. Natural and nearly natural melt compositions
covered in this model include: anhydrous peridotite to rhyolite, anhydrous peralkaline to
peraluminous melts, hydrous basalt to rhyolite, hydrous peralkaline to peraluminous
melts. This model can also be used to estimate the glass transition temperatures and
cooling rate of natural silicate melts. The results of this study have been published in
Geochimica et Cosmochimica Acta (Hui and Zhang, 2007).

Chapter 11l is an experimental study of the speciation of dissolved water in
rhyolitic melts at pressure up to 2.83 GPa. This study is prerequisite for inferring
viscosity of hydrous rhyolitic melts using the hydrous species reaction viscometer
(Dingwell and Webb, 1990; Zhang et a., 2003) at high pressure (Chapter V).

Furthermore, the quantification of hydrous speciation in the rhyolitic melts under high



pressure can be applied to model H,O diffusion and understand the structure of hydrous
melts at high pressure. In addition, information from this study is also useful in future
models of thermodynamic properties of hydrous silicate melts. Chapter |11 addresses the
first systematic experimental study of H,O speciation in rhyolitic melts containing 0.8 — 4
wt% water at high pressure, 0.94 — 2.83 GPa. A speciation model accommodating
temperature, pressure and water content dependence of hydrous species in rhyolitic melts
is aso presented in this chapter. The results from this study have been submitted to
Geochimica et Cosmochimica Acta (Hui et a., 2008).

Chapter IV contains the first experimental study of viscosity of any melts at
pressure up to 2.83 GPain the high viscosity range. It extends a newly developed method
(hydrous species reaction viscometer, Zhang et al., 2003) to high pressures. This new
development represents the only method capable of extracting viscosity data of melts in
the high viscosity range at pressures above 1 GPa. Previously, high-pressure (> 1 GPa)
viscosity data were obtained by the falling-sphere technique in high-pressure apparatus,
which can be applied only in the low viscosity range. Hence, all previous viscosity data at
high pressure (> 1GPa) fal in the high temperature range (i.e., low viscosity range). No
viscosity data in the low temperature range at high pressure ((> 1GPa) have been
published. This study is the first to infer viscosity of hydrous rhyolitic melts containing
0.8 — 4 wt% water using the hydrous species reaction viscometer (Dingwell and Webb,
1990; Zhang et a., 2003) at high pressures. The viscosity of natural rhyolitic melts
containing 0.13 and 0.8 wt% water at pressures up to 0.4 GPa also has been measured
using a paralel plate creep viscometer. A viscosity model of rhyolitic melts in the high

viscosity range accounting for the dependence on pressure, temperature and water content



is aso presented in this chapter. The results from this chapter have been submitted to

Geochimica et Cosmochimica Acta (Hui et al., 2008).
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CHAPTERIII

TOWARD A GENERAL VISCOSITY EQUATION OF
NATURAL ANHYDROUSAND HYDROUSSILICATE
MELTS

ABSTRACT

A new and empirical viscosity equation for anhydrous and hydrous natural silicate

melts has been developed using the following formulation:
B D
logn=A+_—=+ex [C+—j,
gn T p T

where 1 is viscosity in Pa-s, T is temperature in K, and A, B, C, and D are linear functions
of mole fractions of oxide components except for HyO. The formulation is applied
successfully to fit the temperature and compositional dependence of viscosity for some
binary systems. Furthermore, the new model with eight parameters fits the compositional
and temperature dependence of the viscosity data of anhydrous natural silicate melts
better than the ten-parameter model in the literature. The main purpose of this work is to
fit the entire high- and low-temperature viscosity database (1451 data points) of all
“natural” silicate melts using this empirical formulation. The general viscosity equation

has 37 parameters and is as follows:



log=[-6.83Xg, =170.79X 10, ~14.71X 5 ~18.01X 00 ~19.76X

+34.31X 0,0, —140.38Z +159.26X,, o —8.43X x, 0, |

+[18.14 X0, +248.93K 5 +32.61X, 6, +25.96X 0+ 22.64 X,

~68.29X y, 0, + 38.84Z = 48.55X,, o +16.12X i, 1m0, JJ000/T +
exp{21.73X 40, ~61.98X g, yimo —105.53X 0 = 69.92X

—85.67X x, k.0, +332.01Z = 432.22X,, o — 316X, cn00, ]

+[2.16X g0, ~143.05X 110, =22.10X 5, o+ 38.56 X g yyo + 110.83X 0+ 67.12X

+58.01X 0 1,0, + 38477, o —404.97Z + 513.75XH20]1000/T}
where m is viscosity in Pa-s, T is temperature in K, X;j means mole fraction of oxide
component i, and Z=(Xp,o)/[1T185.797D] Al,03,, or (Na, K),0,, mean excess oxides
after forming (Na, K)AlO,. The 2c deviation of the fit is 0.61 logn units. This general

model is recommended for viscosity calculations in modeling magma chamber processes

and volcanic eruptions.

1. INTRODUCTION

Knowledge of the viscosity of silicate melts is critical to the understanding of
igneous processes, such as melt segregation and migration in source regions, magma
recharge, magma mixing, differentiation by crystal fractionation, convection in magma
chambers, dynamics and style of eruptions, and magma fragmentation. Numerous
measurements have been made on the viscosity of various silicate melts, from felsic (e.g.,
rhyolitic melt, Neuville et al., 1993) to ultramafic composition (e.g., peridotite liquid,
Dingwell et al., 2004), from anhydrous (e.g., Neuville et al., 1993) to hydrous ones (e.g.,
Whittington et al., 2000), and from high temperature to low temperature. A number of
authors have made efforts to model the viscosity data for the purpose of interpolation and

extrapolation. Bottinga and Weill (1972) and Shaw (1972) were pioneers in developing



viscosity models for natural silicate melts. Because of the extreme difficulty in
calibrating a better viscosity model, these models were the only ones available for over
twenty years (Lange, 1994). More advanced models and relationships have been
developed for specific melt compositions such as rhyolitic melts (e.g., Hess and
Dingwell, 1996; Zhang et al., 2003). For melt compositions from rhyolite to peridotite,
Persikov (1998) developed a viscosity model for anhydrous and hydrous silicate melts at
high temperatures (for viscosity below 10° Pa‘s), and Giordano and Dingwell (2003a)
developed new models for anhydrous silicate melts applicable to a larger temperature
range, 700 — 1600°C.

In spite of recent advances in viscosity models, there is still a need for a general
model that would apply to all natural silicate melts, all accessible temperature ranges, and
especially including the effect of H,O content. The model of Giordano and Dingwell
(2003a) is noteworthy in this connection. In the modeled temperature range (700-
1600°C) for anhydrous melts, it has a 2c uncertainty of 0.78 in logn. However, the model
is limited to anhydrous melts, and cannot be applied to estimate viscosity at lower
temperatures. For example, the model predicts logn of 16.9 for a phonolite at 614.7°C,
while the experimentally determined logn is 11.63 (Giordano et al., 2000). Viscosity at <
700°C is critical for understanding magma fragmentation and welding in tuffs. The
purpose of this work is to develop a practical viscosity model for natural silicate melts
that is applicable to both anhydrous and hydrous natural melts and to the entire

temperature range in which experimental data are available.



2. TEMPERATURE DEPENDENCE OF VISCOSITY

The temperature dependence of viscosity of silicate melts has been extensively
studied from a theoretical point of view or through empirical fitting of viscosity data. For
a narrow temperature range, usually for viscosities between 0.1 to 104 Pa-s, the
dependence of viscosity on temperature is well described by the Arrhenius equation (e.g.,
Bottinga and Weill, 1972; Shaw, 1972). When the temperature range is large enough,
most silicate melts exhibit a non-Arrhenian relationship between viscosity and
temperature (e.g., Neuville et al., 1993; Hess and Dingwell, 1996; Whittington et al.,
2000). It is possible that the isostructural viscosity variation is Arrhenian (Scherer, 1984),
but viscosity variation due to temperature-induced structure change is the origin of the
non-Arrhenian behavior. Many equations have been proposed to explain or fit the
temperature dependence of viscosity (e.g., Brush, 1962).

One thermodynamic description of the temperature dependence of viscosity of
silicate melts is the Adam-Gibbs equation (e.g., Adam and Gibbs, 1965; Richet, 1984):

n=A; eXp[Be/(TSconf)]a (1)
where 1) is viscosity, A, is the pre-exponential factor independent of temperature, B is an
energy term, T is temperature in K, and S.onr is the configurational entropy of the melt.
For compositions corresponding to a pure stable crystalline phase (such as diopside), the
configurational entropy as a function of temperature can be determined from appropriate
heat capacity measurements of liquids, and crystals and glasses down to zero K (Richet et
al., 1986). However, for a multicomponent melt system in which oxide concentrations are
variable, the configurational entropy as a function of temperature and composition cannot

be evaluated independently. The above equation becomes a fitting equation with many

10



parameters, which loses its theoretical appeal. Hence this model is not used often to fit
viscosity-temperature relationship of silicate melts.

The most often used empirical description for the temperature dependence of
viscosity is the VFT (Vogel-Fulcher-Tammann) equation (e.g., Fulcher, 1925; Tammann

and Hesse, 1926):

logn=A+ (2)

T-Tp’
where A, B and Ty are fitting parameters. Another model related to the fragility of the

melt has also been used (e.g., Avramov, 1998; Zhang et al., 2003).

B o
logn = A+(?) s 3)

where o is fragility parameter and depends on heat capacity. For a restricted
compositional range a is found to depend linearly on chemical composition, as illustrated
by data in sodium or lead silicates (Avramov, 1998).

Both Eqns. 2 and 3 are three-parameter equations with no explicit consideration
of melt composition, which is the least number of parameters to fit the non-Arrhenian
behavior. Eqns. 2 and 3 were extended to multicomponent melts by allowing the three
parameters to vary with composition, but no working scheme was found to fit the
viscosity data (2o uncertainty in logn is too large, > 0.9 log unit). With many trials, the

following empirical relation was found to be extendable to multicomponent melts:
B D
logn=A+—+ex [C+—j, 4
gn THexp Gt (4)

where A, B, C, and D are fitting parameters and are allowed to vary linearly with mole

fraction of oxide components in melts. This equation would imply that the activation

11



energy for viscous relaxation depends on temperature exponentially: E, = d(Inn)/d(1/T) =

2.303[B + Dexp(C+D/T)], consistent with the activation energy of viscous flow derived
from Eqn. 1 in Richet et al. (1986). It is not clear whether there is theoretical basis for
Eqn. 4, but it works empirically to fit viscosity data of multicomponent silicate melts.
Although the above four-parameter equation can also fit viscosity data of a single
composition, not all four parameters are necessary, and a three-parameter equation, either
Eqn. 2 or 3 would be more advisable. Nonetheless, letting C = 0 reduces Eqn. 4 to a

three-parameter equation, which may fit viscosity data of a single composition:
B D
logn=A+_—-+ex [—j 4a
gn T Hexp 7 (42)

Fig. 2.1 compares fits of viscosity data using Eqns. 2, 3, and 4a on anhydrous trachyte
melt (AMS D1, Romano et al., 2003) and tephrite melt (Whittington et al., 2000). As
shown in Fig. 2.1, these three equations all fit viscosity data well for a given anhydrous
melt.

The primary purpose of proposing Eqn. 4 is to fit viscosity data of
multicomponent silicate melts by making the four parameters linearly dependent on
composition. Below, first the compositional dependence of viscosity in binary melts is
discussed, then Eqn. 4 is applied to fit viscosity of anhydrous natural silicate melts, and

finally the entire viscosity database on “natural” anhydrous and hydrous silicate melts.

3. VISCOSITY OF BINARY MELTS

At low temperatures the viscosity of melts in simple binary systems often shows

minima at intermediate compositions. This minimum diminishes with increasing

12
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Fig. 2.1 Comparisons of fitting results using Eqns. 2, 3, and 4a for viscosity data of (a)
AMS D1 trachyte (Romano et al., 2003) and (b) tephrite (Whittington et al., 2000).
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temperature, and eventually disappears at high enough temperature (Neuville and Richet,
1991). The minimum of viscosity data in a binary system can be explained by a
combination of the Adam-Gibbs model and mixing law of configurational entropy of two
end-members (Neuville and Richet, 1991). However, in this strategy, many fitting
parameters are needed to account for the viscosity dependence on composition and
temperature. For example, Neuville and Richet (1991) used a fifteen-parameter equation
to fit the viscosity data of Ca3Al,Si301,-Mg3Al;Si30;, binary system. Moreover,
asymmetry of viscosity as a function of composition, such as in the Na,Siz;07-K;,Si307
binary system, can make it even more difficult for the Adam-Gibbs model to fit the
viscosity data in the binary system (Richet, 1984).

On the other hand, assuming that each of the four parameters is a linear function
of composition, Eqn. 4 becomes an eight-parameter equation to fit the temperature and

compositional dependence of viscosity of a binary system:

(b X, +b,X,)

log =(a,X, +a,X,)+ +exp((CIX]+C2X2)+MJ, )

T

where a, b, ¢ and d with subscript 1 and 2 are fitting parameters, X is mole fraction of two
end-members in the system. Compared to the fifteen-parameter equation of Neuville and
Richet (1991), the number of fitting parameters is almost halved although the physical
meaning of each parameter is less clear in Eqn. 5.

Fits using Eqn. 5 and all fits below are carried out using the commercially
available program MatLab or Stata, which employs nonlinear least square regression to

minimize y2 = Y (10gNcalc,i-10gNobs.i)? The fitting errors on all parameters are obtained by

the program Stata. When the standard error of a parameter is larger than the absolute

14



value of the parameter, the parameter is removed and a new fit with one less fitting
parameter is carried out.

Figure 2.2 shows fits of viscosity data of four binary systems: MgSiO3-CaSiO3
(Urbain et al.,, 1982; Scarfe and Cronin, 1986; Neuville and Richet, 1991),
Mg3;Al,Si301,-CazAl;Si301,, pyrope-grossular (Neuville and Richet, 1991), NaAlSi;Og-
CaAl,Si,Og, albite-anorthite (Kozu and Kani, 1944; Urbain et al., 1982; Hummel and
Arndt, 1985), and NS3-KS3, NaSi307-K;Si307 (Taylor and Dear, 1937; Lillie, 1939;
Taylor and Doran, 1941; Poole, 1948; Shartsis et al., 1952; Bockris et al., 1955;
Mackenzie, 1957; Taylor and Rindone, 1970; Ammar et al., 1977). The viscosities of
partially crystallized samples during measurement are not used in the fitting. The fitting
parameters are shown in Table 2.1. The 2c deviations in terms of logn for CaSiO3-
MgSiO3, garnet, plagioclase and NS3-KS; systems are 0.39, 0.25, 0.29 and 0.30
respectively. There is a minimum viscosity at intermediate compositions in all four
binary systems at low temperatures, such as CaSiO3-MgSiO3 and garnet at 1050 K (Fig.
2.3A), plagioclase at 1123 K (Fig. 2.3B) and NS3-KS3 at 715 K (Fig. 2.3C).

The compositional location of viscosity minimum varies with temperature. This
can be seen from the viscosity data of plagioclase (albite-anorthite) binary system
(Hummel and Arndt, 1985). As shown in Fig. 2.3B, the viscosity minimum of albite-
anorthite system is located at around 40 mole% of anorthite in the composition range at
1123 K, but the minimum is at a greater anorthite content at higher temperatures. This
variation has been explained by Richet (1984) to be due to the mixing of configurational
entropies of anorthite and albite melts, which increase at considerably different rates with

increasing temperature. The magnitude of the viscosity minimum diminishes with

15
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Fig. 2.2 Comparisons of experimental viscosity data with calculated values using Eqn. 5
with fitting parameters in Table 2.1. The data sources are as follows: CaSiO3-MgSiO;

(Urbain et al., 1982; Scarfe and Cronin, 1986; Neuville and Richet, 1991); Ca3Al,Si304,-
Mg3Al,Si301, garnets (Neuville and Richet, 1991); CaAl,Si,0g-NaAlSizOg plagioclases
(Kozu and Kani, 1944; Urbain et al., 1982; Hummel and Arndt, 1985); NS;3-KS;
(NaySi307-K5S1307) (Taylor and Dear, 1937; Lillie, 1939; Taylor and Doran, 1941;
Poole, 1948; Shartsis et al., 1952; Bockris et al., 1955; Mackenzie, 1957; Taylor and
Rindone, 1970; Ammar et al., 1977).
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Table 2.1 Fitting parameters of Eqn. 5 in the binary systems of CaSiO3-MgSiOs3, garnet,
plagioclase and NS3-KSs.

parameter | CaSiO3-MgSiO;  garnet plagioclase NS3-
KS;
a, -3.1287 2.3593 -4.5179 -3.2839
(0.4255) (1.1691)  (1.0170)  (0.5488)
a, -9.4323 -4.3178 -6.3903 -6.1410
(0.4710) (0.1053)  (0.6947)  (0.7440)
b, -21260.4 5940.2 4770.6
(1635.9)  (3446.3) (2081.4)
b, 17903.8 16551.2  11821.8
(952.7) (1944.6) (1348.6)
C -1.2322 0.8438 -2.0844 -1.1788
(0.3808) (0.1057)  (0.9118)  (0.9117)
c, -5.9221 -3.1234 -5.1302
(0.9186) (1.5216)  (3.26306)
d, 4071.6 2704.9 5061.4 2464.7
(371.3) (115.7) (831.2) (478.4)
d, 7465.5 2878.9 4690.9 4295.5
(863.6) (8.8) (1299.1)  (2.0116)

Note: Numbers in parentheses are 2 times the standard errors (2o) of the fitting respective
parameters. For CaSi03-MgSiO3, 1=CaSiO3, 2=MgSiO3; for garnet, 1=Ca3Al,Si30,
(grossular), 2=Mg3Al,Si1301, (pyrope); for plagioclase, 1=CaAl;Si,Og (anorthite),
2:NaAISi30g (albite); for NS3—KS3, 1=Na28i307, 2:K25i307.
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Fig. 2.3 Viscosity as a function of composition in four binary systems: (A) CaSiOs-
MgSiO3; and garnet, (B) plagioclase and (C) NS3-KS3 (Na;Si307-K»Si307). The solid
curves are calculated from Eqn. 5 with fitting parameters in Table 2.1. The sources of
viscosity data are as follows: (A) interpolated from Neuville and Richet (1991) using
Arrhenius relationship of viscosity and temperature (narrow temperature range) with the
same compositions. (B) open symbols: Hummel and Arndt, 1985; solid symbols:
interpolated data from Hummel and Arndt (1985) using Arrhenius relationship of
viscosity and temperature (narrow temperature range). (C) data are from Taylor and Dear,
1937; Lillie, 1939; Taylor and Doran, 1941; Poole, 1948; Bockris et al., 1955;
Mackenzie, 1957; Ammar et al., 1977; interpolated data from Taylor and Doran (1941),
Poole (1948), Shartsis et al. (1952), Bockris et al. (1955), and Ammar et al. (1977); and
Poole (1948) and Mackenzie (1957) using VFT equation for the same compositions.
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increasing temperature, as inferred by Neuville and Richet (1991). As shown in Fig.
2.3C, the viscosity minimum in NS3-KS3 system is less pronounced at 1673K than the

one at 715K.

4. VISCOSITY MODELS FOR NATURAL ANHYDROUS AND

HYDROUSSILICATE MELTS

The main purpose of this work is to present a working model for calculation of
the viscosity of all natural anhydrous and hydrous silicate melts covering the entire
experimental temperature range. The equation used to fit the viscosity data is Eqn. 4,
with each of A, B, C, and D as a linear function of the compositional parameters. For

example, for an N-component system, the parameter A may be written as:

N
A= Zai Xi , (63_)
i=1
N-1
Or A= a, + ZaiXi (6b)

i=1
where @y, and a; are fitting parameters, with i being the ith oxide in the anhydrous melts.
This formulation requires many fitting parameters. In order to avoid the impression that
the model works only because of many parameters, first an effort to use formulation of
Eqn. 4 to fit a smaller data set that has been modeled recently by Giordano and Dingwell
(2003a) is presented to show that the new model can fit the same data using a smaller

number of parameters than that of Giordano and Dingwell (2003a).
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4.1. A SSMPLE MODEL FOR NATURAL ANHYDROUSMELTS

For multicomponent silicate melts, the dependence of viscosity on melt
composition is complicated. In the quest of seeking simpler equations with a smaller
number of fitting parameters, various parameters such as NBO/T (e.g., Giordano and
Dingwell, 2003a) and SM (SM = ) (NayO+K,O0+CaO+MgO+MnO+FeOy/2))
(Giordano and Dingwell, 2003a) have been used in modeling melt viscosity. Various
parameters were explored to simplify the compositional dependence. After a number of
trials, using the sum of network formers, SiO;, Al,O3 and P,O5 as one single parameter is
found to work well in the context of Eqn. 6b. Hence this parameter is defined as:

SAP = Xsi0, + XAL0; * Xp,05> (7)
where X; is mole fraction of oxide i in the melt. Based on the above considerations, the

following equation to relate viscosity, temperature and melt composition is used:

logn:(a0+a1X)+(b°+blx)+ exp((C0+CIX)+(d°+le)j, ®)

where X =SAP; a, b, ¢, and d with subscript 0 or 1 are fitting parameters.

Giordano and Dingwell (2003a) presented two models for the viscosity of
anhydrous silicate melts. The data set contained 314 viscosity data points. Their preferred
model using the parameter SM contained 10 fitting parameters. Although their database
contained viscosity data below 700°C, they only modeled the data in the temperature
range of 700-1600°C. With 10 parameters, the 2c deviation of their preferred model is
0.78 logn units at 700-1600°C.

The purpose of using Eqn. 8 to fit viscosity data is to compare with previous fits.

Hence fitting the same viscosity database of the anhydrous natural silicate melts as used
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by Giordano and Dingwell (2003a) is the ideal solution. All the viscosity data used by
them plus the data at temperatures below 700°C are used to carry out the nonlinear fit and

the new model is as follows:

29300.3-9757.4X
T
. 9
—58868.8 + 65081.8Xj ©)
T

log77= (213517 +12.7366X )+

+ exp((29.9791 —32.4047X)+

The standard errors for the fitting parameters are shown in Table 2.2. Applying the above
equation to viscosity data at 700-1600°C, the 2c deviation is 0.63 logn units (Fig. 2.4A).
That is, with a smaller number of fitting parameters (8 versus 10), the formulation of Eqn.
4 is able to fit anhydrous melt viscosity data to a slightly better precision at this
temperature range than the model of Giordano and Dingwell (2003a).

Another measure of a successful model is applicability to a wide range of
conditions. For example, Hess and Dingwell (1996) compared their viscosity model for
hydrous rhyolite at both high and low temperatures to the model of Shaw (1972) although
his model was for all anhydrous and hydrous silicate melts but at high temperatures only,
and showed that their model is superior to that of Shaw (1972) at low temperatures. The
eight-parameter model is able to fit low-temperature viscosity data (i.e., data at < 700°C,
Fig. 2.4B). For the whole temperature range, Eqn. 9 reproduces the experimental data
with a 2c standard uncertainty of 0.77 (Fig. 2.4). The model of Giordano and Dingwell
(2003a), on the other hand, did not include data at < 700°C in the fit and hence did not
predict the data well. Although Giordano and Dingwell’s model is not designed for
application below 700°C, the applicability of this eight-parameter model to the full
temperature range of viscosity data demonstrates its superiority. Viscosity data at <700°C

are of importance in processes such as magma fragmentation and welding in tuffs.
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Table 2.2 Fitting parameters for Eqn. 8.

a b Cc d
o | -21.3517 29300.3 29.9791 -58868.8
(2.1976)  (2159.0) (14.7288) (27112.4)
1 12.7366 -9757.4 -32.4047  65081.8
(3.8896)  (3708.8) (16.8378) (30272.4)

Note: Numbers in parentheses are 2c errors of fitting coefficients respectively.
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Fig. 2.4 Comparison of experimental viscosity data with calculated values (A) in the
temperature range from 700 to 1600°C (which is the temperature range that Giordano and
Dingwell (2003a) recommended for their model); and (B) below 700°C.
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In summary, with a smaller number of fitting parameters, the new model does a
better job than the most recent viscosity models (Giordano and Dingwell, 2003a). This
verifies that Eqn. 4 provides a practical way to describe the compositional and
temperature dependences of the viscosity of natural silicate melts, and the success of the

model below is not purely because of the many parameters involved.

4.2.VISCOSITY DATA

The primary motivation of this work is to develop a practical viscosity model for
natural anhydrous and hydrous silicate melts. Viscosity data for the development of new
viscosity model come from literature. The compositional range is limited to “natural”
silicate  melts (including Fe-free haplogranitic, haploandesitic, haplobasanitic,
haplotephritic, haplophonolitic and haplotrachytic melts). The compositions range from
peridotite to rhyolite, from peralkaline to peraluminous silicate melts, and from
anhydrous to hydrous melts. Simple synthetic melts, such as Li,O-Si0;,, Nay,O-SiO,,
K,0-Si0,, CaSi03-MgSiOs3, feldspar systems, are not included, but synthetic melts
intended to approximate natural silicate melt are included. Simple synthetic melts are
excluded from the new model because there is still more work needed in developing a
completely general compositional model for the viscosity of all silicate melts. For
example, including simple melts such as NayO-SiO, would expand the compositional
space to pure Na,O melt, which may require parameters A, B, C, and D in Eqn. 4 to vary
as a nonlinear function of oxide mole fractions. This limitation was also encountered in
literature when other silicate liquid properties are modeled: (1) The density model of

liquids is developed only for natural silicate liquids, excluding simple synthetic melts
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(Lange and Carmichael, 1987; Lange, 1997), (2) The thermodynamic model of silicate
melts is also developed only for natural silicate liquids, excluding simple synthetic melts
(Ghiorso et al., 1983, 2002).

The compositions of “natural” silicate melts for which viscosity data are available
are listed in Table 2.3 on an anhydrous basis. The references are also given in Table 2.3.
There are 1451 viscosity measurements. Natural melt compositions covered in the
database are presented in Fig. 2.5 on an anhydrous basis. The compositions covered by
the data include: anhydrous peridotite to rhyolite, anhydrous peralkaline to peraluminous
melts, hydrous basalt to rhyolite, hydrous peralkaline to peraluminous melts. The FeO-
free melts include haplogranitic melts (H1-26), haploandesite (A2 and A4), haplobasanite
(Bn3), haplotephrite (Te2), haplophonolite (Ph4) and haplotrachyte (Tr6) as shown in
Table 2.3. Some samples with the same or similar sample names (such as two HPGS8, and
one HPGOS) but different chemical compositions are treated as different samples with
different chemical compositions (that is, all compositions were treated to be different and
the chemical analyses were not averaged). The viscosity ranges from 0.1 to 1015 Pa-s.
The temperature ranges from 573 to 1977.9 K. The H,O concentration is <12.3 wt% for
rhyolitic melt, and below 5 wt% for other melts.

Viscosity data from partially crystallized melt (such as andesite ME113e, Richet
et al, 1996) are not used. Viscosity data of phonolite melt with 0.88 wt% water in
Whittington et al. (2001) are shown by these authors to be outliers, and are hence not
included. The viscosities of Sample A (LGB rhyolite) in Neuville et al. (1993) are not
used because these authors suspected the quality of the viscosity data. Data on rhyolite

shown to be outliers by Zhang et al. (2003) are not included. The data of
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Table 2.3 Melt composition on anhydrous basis (on wt% basis)

Composition Si0, TiO7 Al O3FeO MnOMgO CaO NaOK;0P0stotal 1D ref
Basanite (EIF) 41.152.74 12.10 10.110.00 11.2415.662.76 3.04 1.02 99.82 Bnl 19
Basanite (EIF) 41.222.74 12.12 10.030.00 11.2615.692.76 3.05 1.02 99.89 Bn2 17
Basanite (NIQ) 43.572.97 10.18 0.00 0.00 9.17 26.077.59 0.96 0.00 100.51Bn3 1

Peridotite 45.830.18 4.87 8.63 0.00 31.636.37 0.32 0.00 0.00 97.83 Pr 27
Basalt (ETN) 47.031.61 16.28 10.880.20 5.17 10.473.75 1.94 0.59 97.92 BIl 25
Basalt (ETN) 47.811.94 1791 10.900.19 4.75 9.96 3.94 2.11 048 99.99 BI2 17
Basalt 48.211.25 15.50 10.640.00 9.08 11.922.40 0.08 0.14 99.22 BI3 21
Tephrite (Ves_G_tot) [49.200.83 16.40 7.20 0.13 5.10 10.202.70 6.50 0.72 98.98 Tel 19
Basalt (MTV9) 49.614.27 11.01 14.730.00 4.46 10.042.81 0.47 2.51 99.91 BI5 28
Basalt (Kilauea 1921) [50.012.60 12.56 10.790.24 9.39 10.882.33 0.48 0.00 99.37 BI7 29
Tephrite 50.562.35 14.03 0.00 0.00 8.79 15.007.04 3.01 0.00 100.78Te2 1

Basalt (MTV4) 50.663.95 11.35 13.900.00 3.94 9.60 2.98 0.51 2.40 99.29 BI6 28
Basalt (MTV6) 50.844.26 11.38 15.050.00 4.42 10.183.01 0.55 0.04 99.73 BI8 28
Basalt (MTV2) 50.874.05 11.36 14.200.00 4.23 9.62 3.06 0.52 0.09 98.00 BI9 28

Phonolite (Ves_W_tot) [51.200.67 18.60 6.10 0.13 2.50 7.30 3.75 7.90 0.40 98.55 Phl 19
Phonolite (V_1631_G) [53.140.59 19.84 4.72 0.13 1.77 6.75 4.77 8.28 0.00 99.99 Ph2 23
Phonolite (V_1631_W) [53.520.60 19.84 4.80 0.14 1.76 6.76 4.66 7.91 0.00 99.99 Ph3 23

Basalt 53.541.05 17.29 7.82 0.00 546 832 3.59 1.64 0.20 98.91 Bl4 21
Andesite 58.560.64 18.98 7.45 0.00 3.48 6.17 3.24 092 0.00 99.44 Al 21
Andesite 58.690.01 21.57 0.02 0.02 538 9.49 3.30 1.57 0.00 100.05A2 26
Phonolite 58.820.79 19.42 0.00 0.00 1.87 2.35 9.31 7.44 0.00 100.00Ph4 2
Andesite (Crater Lake) [59.460.73 17.90 5.18 0.10 3.71 6.45 423 1.47 0.00 99.26 A5 29
Phonolite (ATN) 59.700.46 18.52 3.60 0.17 0.65 2.80 3.89 8.45 0.15 98.39 Ph5 19
Phonolite (Td_ph) 60.460.56 18.81 3.31 0.20 0.36 0.67 9.76 5.45 0.06 99.64 Ph6 22
Trachyte (IGC) 60.740.27 19.22 3.37 0.18 0.28 2.11 5.28 6.32 0.06 97.83 Trl 20
Trachyte (AMS D1) [60.860.39 18.27 3.88 0.12 0.90 2.96 4.12 8.50 0.00 100.00Tr2 23
Andesite 61.170.84 17.29 5.39 0.00 3.35 5.83 3.85 1.39 0.00 99.11 A3 11

Trachyte (AMS_B1) [61.260.38 18.38 3.50 0.14 0.74 2.97 4.58 8.04 0.00 99.99 Tr3 23
Andesite (Crater Lake) [62.150.76 16.80 4.96 0.25 3.26 5.08 5.02 1.72 0.00 100.00A6 32

Andesite 62.400.55 20.01 0.03 0.02 3.22 9.08 3.52 0.93 0.12 99.88 A4 8
Trachyte (MNV) 63.880.31 17.10 2.90 0.13 0.24 1.82 5.67 6.82 0.05 98.92 Tr4 20
Trachyte (PVC) 63.990.45 16.96 2.55 0.14 032 0.83 6.33 6.37 0.09 98.03 Tr5 19
Trachyte 64.450.50 16.71 0.00 0.00 2.92 536 6.70 3.37 0.00 100.01Tr6 2
Dacite 65.280.59 17.05 4.02 0.08 1.82 4.70 4.34 1.29 0.13 99.30 D1 30
Dacite (UNZ) 66.000.36 15.23 4.08 0.10 2.21 5.01 3.84 2.16 0.14 99.13 D2 24
Granite (263-2) 66.770.39 20.15 4.31 0.01 0.72 3.64 1.37 2.17 0.00 99.53 RI 16
Trachyte (570-2) 66.950.87 21.24 2.57 0.06 0.01 1.63 1.83 4.55 0.00 99.71 Tr7 16
Plagioliparite (851-2) [67.160.01 21.65 2.81 0.01 0.73 2.65 2.85 1.82 0.00 99.69 R2 16
Trachyte (570-3) 68.710.90 19.28 2.59 0.06 0.00 1.65 1.87 4.66 0.00 99.72 Tr8 16
Trachyte (570-1) 70.160.92 17.18 2.74 0.06 0.00 1.70 2.07 4.88 0.00 99.71 Tr9 16
Plagioliparite (851-1) [71.220.24 16.80 2.91 0.06 0.80 2.62 3.09 1.94 0.00 99.68 R3 16
Granite (130) 71.420.01 16.10 4.58 0.01 1.57 0.94 1.94 292 0.00 99.49 R4 16
Granite (Barlak) 73.120.19 13.56 3.19 0.00 0.18 1.68 3.86 4.20 0.00 99.98 R33 31
Rhyolite 73.230.19 13.60 2.78 0.00 0.17 1.69 3.78 4.11 0.13 99.68 R5 21
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Trachyte (570-4)
HPGO5
HPG8An10
Rhyolite
Rhyolite (GB4)
HPG8Na5
HPG8Ca5 (Ca5)
HPGS8KS
Rhyolite (M981023)
HPG04

Rhyolite (P3RR)
HPGS8ALIS (Al05)
HPGO3
HPG8Mg5 (Mg5)
Rhyolite

HPGO02

AOQ

Rhyolite

HPGO1

Rhyolite
Rhyolite (MCR)
Rhyolite

HPGO09

Rhyolite (LGB)
Rhyolite (RH)
Rhyolite
Rhyolite (RH-r)
Rhyolite
Rhyolite (SH-r)
Rhyolite (EDFmr)
Rhyolite (SH)
Rhyolite (EDF)
HPGS8AI2 (Al02)
Rhyolite
Rhyolite
Rhyolite
Rhyolite (BL6)
Rhyolite (BL6-1)
Rhyolite (LGB-r)
Rhyolite (BL3)
HPGS

Rhyolite
Rhyolite (EDF-1)
Rhyolite (EDF-2)
HPGl11

HPG10

HPGO07

73.350.90
73.490.00
73.600.00
73.790.05
73.890.06
74.100.00
74.100.00
74.600.00
74.700.08
74.900.00
75.370.07
75.400.00
75.520.00
75.600.00
76.030.06
76.080.00
76.120.00
76.380.06
76.520.00
76.570.06
76.590.08
76.600.10
76.880.00
76.920.10
76.990.03
77.000.06
77.010.03
77.070.06
77.080.09
77.150.09
77.170.08
77.180.09
77.200.00
77.270.03
77.380.05
77.460.05
77.480.17
77.530.17
77.880.07
77.880.16
77.900.00
77.900.07
78.000.09
78.000.09
78.140.00
78.210.00
78.280.00

14.83
13.26
15.60
15.11
15.77
11.70
12.20
11.80
13.28
13.52
12.84
16.10
13.90
12.00
11.48
13.89
13.53
11.59
14.05
11.65
12.67
12.70
11.45
12.92
13.02
11.77
13.14
11.67
12.44
12.82
12.40
12.91
13.90
11.75
11.70
11.64
12.20
12.17
12.73
12.03
11.89
12.05
12.15
12.15
11.64
11.69
11.92

2.38
0.00
0.00
0.42
0.75
0.00
0.00
0.00
1.65
0.00
1.57
0.00
0.00
0.00
1.05
0.00
0.00
1.03
0.00
1.04
1.00
1.17
0.00
0.89
0.71
1.00
0.71
0.99
1.30
0.56
1.30
0.61
0.00
1.05
1.03
1.04
1.30
1.30
0.76
1.19
0.00
0.76
0.54
0.54
0.00
0.00
0.00

0.07
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.00
0.00
0.00
0.06
0.00
0.00
0.05
0.00
0.07
0.00
0.00
0.00
0.05
0.10
0.06
0.10
0.07
0.02
0.07
0.02
0.07
0.00
0.05
0.05
0.07
0.05
0.05
0.04
0.05
0.00
0.00
0.07
0.07
0.00
0.00
0.00

0.00
0.00
0.00
0.07
0.14
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
4.90
0.36
0.00
0.00
0.36
0.00
0.36
0.03
0.02
0.00
0.11
0.04
0.36
0.04
0.35
0.02
0.07
0.01
0.07
0.00
0.36
0.36
0.35
0.17
0.17
0.06
0.05
0.00
0.05
0.06
0.07
0.00
0.00
0.00

1.64
0.00
2.10
0.97
0.58
0.00
5.20
0.00
0.77
0.00
0.72
0.00
0.00
0.00
3.21
0.00
0.00
3.25
0.00
3.23
0.52
0.31
0.00
0.86
0.48
3.29
0.51
3.28
0.36
0.52
0.35
0.51
0.00
3.31
3.24
3.23
1.14
1.13
0.50
1.06
0.00
0.52
0.50
0.50
0.00
0.00
0.00

1.87
2.40
4.40
4.71
4.62
9.00
4.40
4.40
4.30
3.64
4.19
4.70
4.77
4.50
242
5.96
4.65
2.44
7.14
2.46
3.98
4.10
3.60
3.89
431
248
4.28
242
4.49
4.11
4.50
4.05
4.50
243
2.44
245
3.90
3.89
3.93
3.64
4.53
4.01
4.08
4.08
1.26
241
591

4.70 0.00
8.98 0.00
3.80 0.00
4.02 0.01
4.19 0.00
4.40 0.00
4.00 0.00
9.20 0.00
5.22 0.00
7.22 0.00
5.13 0.00
4.30 0.00
5.53 0.00
4.00 0.00
4.60 0.00
3.84 0.00
5.68 0.00
4.66 0.00
2.19 0.00
4.62 0.00
4.88 0.00
4.60 0.00
5.60 0.00
4.25 0.03
4.31 0.00
4.68 0.00
4.18 0.00
4.62 0.00
4.20 0.00
4.61 0.01
4.20 0.00
4.52 0.01
4.30 0.00
4.73 0.00
4.80 0.00
4.70 0.00
3.60 0.00
3.60 0.00
4.03 0.01
3.88 0.01
4.17 0.00
4.06 0.00
4.48 0.02
4.48 0.00
9.11 0.00
7.43 0.00
2.23 0.00

99.74 Tr1016
98.13 H21 38
99.50 H4 33
99.20 R6 9
100.00R34 34
99.20 H5 4,35
99.90 H6 36
100.00H7 4
100.00R7 18
99.28 H22 38
100.00R8 17
100.50H8 37
99.72 H23 38
101.00H9 36
99.27 R9 13
99.77 H24 38
99.98 HI 6
99.82 R10 13
99.90 H25 38
100.06R11 13
99.75 RI12 14
99.60 R13 15
97.53 HI0 38
100.02R14 10
99.99 R15 10
100.70R16 13
100.00R17 10
100.53R18 13
100.00R19 10
100.01R20 12
100.03R21 10
100.02R22 12
99.90 H11 37
100.98R23 13
101.05R24 13
100.99R25 13
100.01R26 10
100.01R27 10
100.01R28 10
99.95 R29 12
98.49 H2 5
99.42 R30 11
99.99 R31 10
99.98 R32 10
100.15H12 38
99.74 HI3 38
98.34 H14 38
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HPGS 78.600.00 12.50 0.00 0.00 0.00 0.00 4.60 4.20 0.00 99.90 H3 34,7
HPGO08 78.600.00 11.99 0.00 0.00 0.00 0.00 4.57 4.20 0.00 99.36 HI15 38
HPGO06 78.980.00 12.11 0.00 0.00 0.00 0.00 7.04 0.62 0.00 98.75 H26 38
HPG16 81.030.00 9.91 0.00 0.00 0.00 0.00 1.24 7.39 0.00 99.57 H16 38
HPG15 81.740.00 10.03 0.00 0.00 0.00 0.00 2.47 5.66 0.00 99.90 H17 38
HPG14 82.220.00 10.17 0.00 0.00 0.00 0.00 3.66 3.89 0.00 99.94 H18 38
HPG12 82.310.00 10.16 0.00 0.00 0.00 0.00 5.89 0.70 0.00 99.06 H19 38
HPG13 82.940.00 10.30 0.00 0.00 0.00 0.00 4.68 2.41 0.00 100.33H20 38

The melt compositions are listed according to SiO, content. References: 1, Whittington et al. (2000); 2,
Whittington et al. (2001); 3, Dorfman et al. (1996); 4, Hess et al. (1995); 5, Dingwell et al. (1992); 6,
Schulze et al. (1996); 7, Dingwell et al. (1996); 8, Richet et al. (1996); 9, Burnham (1964); 10, Stevenson et
al. (1998); 11, Neuville et al. (1993); 12, Stevenson et al. (1996); 13, Goto et al. (2005); 14, Zhang et al.
(2003); 15, Shaw (1963); 16, Goto et al. (1997); 17, Gottsmann et al (2002); 18, Stein and Spera (1993);
19, Giordano and Dingwell (2003a); 20, Giordano et al. (2004); 21, Persikov (1991); 22, Giordano et al.
(2000); 23, Romano et al. (2003); 24, Giordano et al. (2005); 25, Giordano and Dingwell (2003b); 26,
Liebskie et al. (2003); 27, Dingwell et al. (2004); 28, Toplis et al. (1994); 29, Kushiro et al. (1976); 30,
Alidibirov et al. (1997); 31, Persikov et al. (1986); 32, Dunn and Scarfe (1986); 33, Dingwell et al. (2000);
34, Scaillet et al. (1996); 35, Dingwell et al. (1998a); 36, Hess et al. (1996); 37, Dingwell et al. (1998b); 38,
Hess et al. (2001).

28



18 T T T T T T T T T T T T T T T T T T T T

15 F

—_
[\S)
T

NaO+HK O (wt%)

Si0, (Wt%)

Fig. 2.5 Total alkalis versus SiO, diagram (Le Bas et al., 1986) showing the compositions
of samples modeled in this work. Pc: picrobasalt; B: basalt; O;: basaltic andesite; O»:
andesite; Os: dacite; R: rhyolite; Si: trachybasalt; S,: basaltic trachyandesite; Sj:
trachyandesite; T: trachyte or trachydacite; U;: basanite or tephrite; U,: phonotephrite;
Us: tephriphonolite; Ph: phonolite; F: foidite.
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Friedman (1963) are not used due to their large uncertainty. Some viscosity data of
identical composition, experimental temperature and viscosity value were reported in two
or more publications and it is not clear to us whether or not they mean the same
measurements. Such data are counted only once in the database and in the regression,
such as viscosity data of EIF basanite (Gottsmann et al., 2002; Giordano and Dingwell,
2003a). All the viscosity data used in the following fit are listed in Appendix A.

Most viscosity data in the database are at 1 bar, and some are at pressures up to 5
kbars. The pressure effect is ignored as it has been shown that the effect is negligible for

pressures up to 5 kbars (Persikov, 1998; Zhang et al., 2003).

4.3. THE PREFERRED MODEL

The eight-parameter model (Eqn. 9) grouped the effects of Si0,, Al,O3 and P05
on viscosity. The model, although appealing because of its simplicity, still does not
reproduce experimental viscosity data well. Furthermore, it does not apply to hydrous
melts. In order to produce a model that can be used to calculate viscosity to better
precision, more compositional parameters are necessary. In the preferred model in this
section, the goal is to fit the entire viscosity database on "natural" silicate melts as
accurately as possible. Although using the least number of parameters to fit is also a goal,
it is subordinate to the goal of fitting the viscosity data as accurately as possible.

In the preferred model, parameters A, B, C, and D in Eqn. 4 are assumed to be
linear functions of oxide mole fractions because the assumption is simple and because it
considers different effects of the different oxide components to the viscosity. Fe in the

natural silicate melts has two oxidation states: ferric and ferrous. The two behave
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differently in the structure of the silicate melts. Although the oxidation state of Fe has
been found to affect melt viscosity significantly, especially at low temperatures
(Dingwell and Virgo, 1987; Liebske et al., 2003), often there is not enough information to
calculate the ferric to ferrous ratio of the experimental melts at low temperatures. Hence
all iron is considered as FeO.

Previous studies (e.g., Riebling, 1966; Bruckner, 1983) show that aluminum-
saturated melts [Na/Al (molar) = 1] have higher viscosities than either aluminum-
oversaturated (peraluminous) or aluminum-undersaturated (alkaline to peralkaline) melts.
Hence, NaAlO, and KAIO; would be reasonable end members in this multicomponent
system. Al,O3 in the melt is considered to combine with alkalis to form (Na, K)AlO,.
After forming (Na, K)AlO,, either excess alkalis or excess aluminum are left as a
component in the melts.

For hydrous melts, HyO content plays a major role and the effect is not linear.
Viscosity decreases rapidly with the first small amount of total dissolved water, and then
not so rapidly at higher H,O contents (Lange, 1994; Dingwell et al., 1996). Water is
present in the silicate melts as at least two species: molecular HyO and hydroxyl group
(Stolper, 1982). The exact role of OH and molecular H,O on affecting melt viscosity is
not known. H,O content raised to some power as an additional parameter is used as
shown in Zhang et al. (2003). After many trials, the following parameter seems useful in

fitting viscosity data of hydrous melts:

1

Z=(Xyo) ", (10)
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where € is constant, T is temperature in K, and Xg,o is oxide mole fraction of total
dissolved H>O. Combining Eqns. 4, 6a and 10, the following model is used to fit all the

viscosity data in the database:

T

1ogn=(zi:a,x,j+('lei]+exp (Zcx}M : (11)

where Xj is the mole fraction of SiO,, TiO;, Al,O3,,, FeOr, MnO, MgO, CaO, (Na,

K),0,,, P,0s, HyO, (Na, K)AlO,, plus another term related to HyO, (Xg,0)!/IH /DI

ex?
because a simple linear term with H,O is not enough to account for the dependence of
viscosity on H,O content. The values of a;, bj, Cj, d;i, and e; with standard errors obtained
from the fit are listed in Table 2.4. In the process of fitting, some parameters turned out to
be unnecessary and some could be combined. These simplifications were made to reduce
the number of parameters. The final fit contains 37 fitting parameters. As shown in Table

2.4, all the fitting parameters are statistically significant. This model can reproduce all the
viscosity data (in the electronic annex) with a 2c deviation of 0.61 logn units in the
available temperature and compositional range of natural silicate melts. Fig. 2.6 shows
comparison between measured viscosity values of all the melts in the database, including
hydrous and anhydrous natural melts, and those calculated from Eqn. 11. Because this is

the preferred model, the full equation is written down as follows:
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Table 2.4 Fitting parameters for Eqn. 11.

a b103 C d103
SiO; -6.83 18.14 2.16
(0.47) (0.47) (0.16)
TiO; -170.79 248.93 -143.05
(20.98) (33.12) (26.57)
ALOsex -14.71 32.61 21.73 -22.10
(4.32) (4.70) (10.75) (11.27)
(Fe, Mn)O -61.98 38.56
(25.91) (26.81)
MgO -18.01 25.96 -105.53 110.83
(2.78) (4.16) (19.50) (19.95)
CaO -19.76 22.64 -69.92 67.12
(3.27) (3.65) (11.23) (11.26)
(Na, K),0ex [34.31 -68.29 -85.67 58.01
(9.60) (7.96) (50.49) (46.09)
P,0s 384.77
(118.21)
z -140.38 38.84 332.01 -404.97
(78.46) (27.10) (189.53) (237.47)
H>0 159.26 -48.55 -432.22 513.75
(79.94) (29.76) (207.27) (260.04)
(Na, K)AIO, |-8.43 16.12 -3.16
(1.70) (1.68) (0.83)
€ 185.797
(91.556)

Note: Numbers in parentheses are 2c errors of fitting coefficients respectively.
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log7= [-6.83X o, ~170.79X 0, =14.71X, 5, —~18.01X,,,6 =19.76X
+3431X y, g0, —140.38Z +159.26X,, o —8.43X s, no0, |

+[18.14X o, +248.93X 1 +32.61X,0, +25.96X 0 +22.64 X, (12)
b
—68.29X y, 1,0, + 38.84Z —48.55X,, o +16.12Xy, ni0, J000/T +

exp{21.73X, 0, —61.98X g, yo —105.53X 50 = 69.92X 6
—85.67X y 0,0, +332.01Z —432.22X,, 5 = 3.16X 5, r00, ]
+[2.16X g0, ~143.05X 10, =22.10X 6 +38.56 X g o + 110.83X 0 +67.12X

+58.01X g, 10,0, +384.77Xp 0, ~404.97Z +513.75X,,  000/T }

where Z=(Xy,0)V/[1*(185.797/D] "and all mole fractions (including H,O) add up to 1.
Examples of calculation are given in Table 2.5.

Fig. 2.6 compares calculated viscosity with experimental viscosity for all data in the
database and shows that there is no systematic misfit. The behavior of Eqn. (12) was
examined by varying temperature and various oxide concentrations. The calculated
viscosity varies smoothly and monotonically with these parameters with no up and down
fluctuations. Furthermore, in order to investigate whether some melts are systematically
misfit or are not fit as well as other melts, A+2c for each melt composition is listed in
Table 2.6, where A is the average difference between the experimental logn and
calculated logn, and o is the standard deviation. The value of A characterizes systematic
misfit and 2o is a measure of data scatter. As shown in Table 2.6, all rock groups of melts
have small A values; but A values for subgroups vary from 0 up to 0.30 and most
subgroups still have small A values. There is no correlation between the A values and
compositions of the melts. On 2c values, there are some variations, but no group is
obviously misfit. There is no correlation between the reproducibility and the degree of
polymerization.

Two sets of viscosity data on hydrous leucogranite (Whittington et al., 2004) and
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Table 2.5 Examples of calculation using Eqn. 12.

mole calculated
composition wt% composition fraction T (K) logn (Pas)
Si0, 53.52 SiO, 0.5336  753.75 9.47
TiO, 0.60 TiO, 0.0045  748.75  9.60
ALO;3 19.84 AlOs,, 0.0212  727.75 10.15
FeOy 480 (Fe,Mn)O 0.0412  717.65 10.42
MnO 0.14 MgO 0.0262  704.35 10.80
MgO 1.76 CaO 0.0722
CaO 6.76  (Na, K)2O,  0.0000
NaO 4.66 Py0s 0.0000
K,0O 7.91 HyO 0.1104
P,0s5 0.00 (Na, K)AIO; 0.1907
H,O 3.32

Note: The melt is hydrous phonolite from Romano et al. (2003).
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Fig. 2.6 Comparison of experimental viscosity values with calculated values using Eqn.
12.
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Table 2.6 The 2o deviations and data points of sub-groups in the viscosity database.

Composition A+2G number of | A+2c
data points | (rock group)
basanite anhydrous | -0.21+0.56 | 33 -0.10
(Bnl-3) hydrous | 0.01+0.45 | 33 +0.55
tephrite anhydrous | 0.23+0.73 | 38 0.13
(Tel-2) hydrous | 0.01+0.72 | 33 +0.75
Ph1-3 | anhydrous | -0.04+0.54 | 40
phonolite hydrous 0.30+0.38 | 25 -0.05
Ph4-6 | anhydrous | -0.15+0.57 | 59 +0.63
hydrous -0.13+0.63 | 40
Tr1-3 | anhydrous | -0.04+0.71 | 43
hydrous -0.01+0.39 | 56
Trachyte | Tr4-6 | anhydrous | 0.11+0.52 | 68 0.04+0.53
hydroous | 0.13+0.43 | 55
Tr7-10 | anhydrous | -0.12+0.41 | 31
Al-2, | anhydrous | -0.05+0.40 | 27
Andesite | AS hydrous | -0.02+0.37 | 42 -0.01
A3-4, | anhydrous | -0.03+0.40 | 52 +0.43
A6 hydrous | 0.06+0.52 | 45
R1-4 anhydrous | 0.05£0.45 | 25
R5-8, | anhydrous | 0.02+0.13 | 7
Rhyolite | R33-34 | hydrous | 0.13+0.51 | 40 -0.00+0.54
R9-32 | anhydrous | 0.04+0.43 | 83
hydrous -0.06+0.58 | 197
dacite anhydrous | 0.20+0.37 | 32 0.14
(D1-2) hydrous -0.09+0.53 | 9 +0.47
BI1-3, | anhydrous | -0.11£1.05 | 20
Basalt BI5 hydrous 0.07+0.51 |21 0.01
Bl4, anhydrous | 0.06£1.09 | 28 +0.92
Bl6-9 | hydrous | 0.03+£0.74 | 6
periodite (Pr) anhydrous | -0.07+£0.55 | 8 -0.07+0.55
haplogranitic melt | anhydrous | -0.01+0.78 | 161 0.03
(H1-26) hydrous 0.09+0.61 | 94 +0.72
leucogranite* hydrous -0.15+0.51 | 14
HPG8An10* anhydrous | -0.02+0.22 | 8

the melt used to test the model.
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anhydrous HPG8An10 (Dingwell et al., 2000) are not included in the fit, but are chosen
to test whether this preferred model can predict data not included in the fit. Because water
content in the “anhydrous” melt of Whittington et al. (2004) is not determined, the
viscosity data of anhydrous melt are not used due to large effect of a small amount of
water on viscosity (Lange, 1994; Zhang et al., 2003). As shown in Fig. 2.7, this new
model has the capability to predict the viscosity at low temperature with a 2c deviation of
0.61.

There are many viscosity models for specific compositions, and many of them
have better accuracy than the 37-parameter general model. For example, the viscosity
model for hydrous and anhydrous rhyolitic melt by Zhang et al. (2003) has a 2c
uncertainty of 0.36 logn units; specific models for five individual anhydrous and hydrous
melt compositions by Giordano et al. (2005) have very low 2o uncertainties. Therefore,
although the use of this grand model is recommended, some specific models have better
accuracy and should be used when appropriate.

One unattractive feature of the preferred model is the large number of parameters
used. This means the fitting parameters themselves are not well resolved. However, it
does not affect the accuracy of the calculation of viscosities as long as no extrapolation is
attempted. That is, the model should not be extrapolated to binary systems, nor to
viscosities above 1015 Pa-s, nor to temperature below 573 K, nor to H,O content above 5
wt% for melts other than rhyolite. (For rhyolite, the highest HyO content in the viscosity
database is 12.3 wt%.) As mentioned earlier, Eqn. 12 predicts smooth and monotonic
variations of logn with mole fraction of oxides or temperature. Although it is desirable to

develop a model with a smaller number of fitting parameters, the drawback of many
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Fig. 2.7 The predictions of Eqn. 12. Data sources: filled symbols: Whittington et al.
(2004); open symbols: Dingwell et al. (2000).
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fitting parameters should not prevent the use of Eqn. 12 in calculating viscosity of natural
silicate melts in a wide range of applications such as volcanic eruption dynamics, as well
as other magmatic processes. For example, the viscosity model of Bottinga and Weill
(1972) has 285 fitting parameters for anhydrous melts at high temperatures and it was
widely applied. Eqn. 12 is easy to include in a software program or in a spreadsheet
program. Using it to calculate viscosities of all natural silicate melts is recommended.
Other applications of the viscosity model include: (1) estimation of glass transition
temperature of any natural silicate melt given cooling rate (Dingwell and Webb, 1990;
Dingwell et al., 2004; Giordano et al., 2005), and (2) estimation of cooling rate of any
natural hydrous silicate glass based on apparent equilibrium temperature from H,O
speciation (Dingwell and Webb, 1990; Zhang, 1994; Zhang et al., 2000, 2003).

Even though this viscosity model can reproduce the entire viscosity database to a
better accuracy and for a greater range of compositions than previous models, the
uncertainty in reproducing the viscosity data is still larger than the experimental data
uncertainty, which is usually 0.1 logn units or less. Hence there is still much room for
improvement. The most important improvement might come from the development of a
better functional equation to describe viscosity dependence on temperature, pressure and
composition. For example, new models adopted a different functional form of viscosity.
A second improvement might derive from consideration of the effect of ferric and ferrous
iron, which requires knowledge of experimental conditions under which the glasses were
prepared for the low-temperature viscosity measurements. A third improvement might
arise from improved quantification of the effect of H,O on viscosity, both in terms of

accurate determination of H,O for reported viscosity data and in terms of the functional
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form used to handle the dependence of viscosity on H,O content. Specifically, in the
future every viscosity data should be accompanied by H;O content and other
concentrations; simply describing a melt as dry is not good enough. A fourth
improvement might originate from the incorporation of the effect of CO, and other
volatile components in the melt. So far, the effect of CO; on the viscosity of silicate melts
has only been carried out in several synthetic melts (Lange, 1994; Bourgue and Richet,
2001). A fifth improvement might stem from the incorporation of the pressure effect
(Persikov, 1998). New experimental viscosity data are needed especially at high
pressures, at low temperatures, for melts with well-characterized ferric/ferrous ratios, and

for melts with various and well-characterized volatile (H,O and CO;) concentrations.
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CHAPTER I11

PRESSURE DEPENDENCE OF THE SPECIATION OF
DISSOLVED WATER IN RHYOLITIC MELTS

ABSTRACT

Water speciation in rhyolitic melts with dissolved water ranging from 0.8 to 4
wt% under high pressure was investigated. Samples were heated in a piston-cylinder
apparatus at 624-1027 K and 0.94-2.83 GPa for sufficient time to equilibrate hydrous
species (molecular H,O and hydroxyl group, H,Op, + O = 20H) in the melts and then
quenched roughly isobarically. Concentrations of two hydrous species in the quenched
glasses were measured with Fourier transform infrared (FTIR) spectroscopy. For samples
with total water content less than 2.7 wt%, the equilibrium constant is independent of
total H,O concentration. Incorporating samples with higher water contents, the
equilibrium constant depends on total H,O content, and a regular solution model is used
to describe the dependence. The equilibrium constant changes nonlinearly with pressure
for samples with a given water content at a given temperature. The equilibrium constant
does not change much from ambient pressure to 1 GPa, but it increases significantly from
1 to 3 GPa. In other words, more molecular H,O reacts to form hydroxyl groups as
pressure increases from 1 GPa, which is consistent with breakage of tetrahedral

aluminosilicate units due to compression of the melt induced by high pressure. The effect
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of 1.9 GPa (from 0.94 to 2.83 GPa) on the equilibrium constant at 873 K is equivalent to
a temperature effect of 51 K (from 873 K to 924 K) at 0.94 GPa. The results can be used
to evaluate the role of speciation in water diffusion, to estimate the apparent equilibrium

temperature, and to infer the viscosity of hydrous rhyolitic melts under high pressure.

1. INTRODUCTION

The nature of dissolved water in silicate melt has received considerable attention
(e.g., Goranson, 1938; Wasserburg, 1957; Shaw, 1964; Burnham, 1975; Stolper, 1982a,b;
McMillan, 1994; Zhang, 1999; Zhang et al., 2007). As the most abundant volatile
component dissolved in terrestrial silicate melts, dissolved water in melts plays an
important role in igneous processes. Water can alter the structure of silicate melts, hence
significantly change their physical and chemical properties, such as solidus/liquidus
temperatures (e.g., Tuttle and Bowen, 1958), viscosity (e.g., Shaw, 1972; Hui and Zhang,
2007), crystal nucleation rates (e.g., Davis et al., 1997), chemical diffusion (e.g., Watson,
1991; Behrens and Zhang, 2001) and oxygen “self” diffusion (e.g., Zhang et al., 1991a;
Behrens et al., 2007). Some of these effects are related to the speciation reaction below
(Stolper, 1982a,b),

H,0,, + O =20H, (1)
where H,O,, denotes dissolved H,O molecules, O denotes anhydrous oxygen, and OH
denotes hydroxyl groups in silicate melts. Total HO content will be denoted as H,O:.
The equilibrium and kinetics of the above speciation reaction in rhyolitic melt has been
extensively studied (Stolper, 1982a, b; Zhang et al., 1991a, 1995, 1997b, 2003; Thinger et

al., 1999; Nowak and Behrens, 2001). Two debates have occurred about speciation
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studies (see reviews by Zhang, 1999; Behrens and Nowak, 2003; Zhang et al., 2007). The
early debate on whether species concentrations can be quenched from high temperature
(such as 1100 K) has been settled and the conclusion is that species concentrations will
be altered during quench if the initial temperature is above the glass transition
temperature for the given quench rate (Dingwell and Webb, 1990). The later debate on
quenched versus in Situ speciation studies has also been resolved, and the conclusion is
that species concentrations can be preserved by rapid quench from intermediate
experimental temperatures (such as 800 K, depending on H,O; and quench rate) below
the glass transition temperature for the given quench rate (Withers et al., 1999; Nowak
and Behrens, 2001). The speciation data not only provide an understanding of the
detailed dissolution mechanism of H,O in melts, but also can be applied to understand
H,O solubility and diffusivity in silicate melts and to infer viscosity of hydrous melts.
Previous experimental studies mostly investigated H,O speciation at pressures
below 1 GPa. This paper extends the experimental range to higher pressures. The new
data reported here span 0.94-2.83 GPa, 624-1027 K and 0.8-4.0 wt% H,O. Combining
these data with previous results (Ihinger et al., 1999), a regular solution model is

developed to fit H,O speciation data from low to high pressures.

2. EXPERIMENTAL METHODS

In this study, hydrous rhyolitic glasses were held under a constant temperature
(623-1023 K, nominal temperature) and pressure (1-3 GPa, nominal pressure) in a piston
cylinder apparatus for sufficient duration (96 s to 3 days) for the two hydrous species in

the melt to reach equilibrium, but short enough to avoid significant crystallization. The
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samples were then quenched to room temperature roughly isobarically. Species
concentrations were measured by Fourier transform infrared (FTIR) spectroscopy at
ambient environment on the quenched glasses. Based on various assessments (see
Introduction and Discussion), the quenched species concentrations reflect those at high
temperature and pressure.

Starting materials include both natural hydrous rhyolitic glass (KS) and synthetic
hydrous rhyolitic glass prepared by hydration of natural rhyolitic glasses. Sample KS is
from Mono Crater, California. Samples GMR+2 and GMR+4 were synthesized by adding
water to obsidian from Glass Mountain, California. The chemical compositions of these
two natural rhyolitic obsidians are listed in Table 3.1. Hydration of rhyolitic glasses was
implemented at 0.5 GPa by re-melting glass powders with added H,O at University of
Hannover, Germany. The obsidian glass powder and water were sealed in Au-Pd
capsules. The capsules were placed in an internally heated pressure vessel (IHPV), and
heated to 1473 K at 0.5 GPa for overnight. Sample assemblages were under H,O-
undersaturated running conditions during heating so that the loaded water was completely
dissolved in the melts. Samples were then quenched isobarically. The hydrated glasses
were crystal-free and bubble-free.

The equilibrium experiments were performed in a piston cylinder apparatus at the
University of Michigan. Glass fragments were prepared into cylinders with diameters of
about 2 mm and heights of about 2 mm. Then a glass cylinder was placed into a graphite
capsule, which was enclosed in crushable MgO as the inner pressure medium, with
graphite heater outside and then BaCOs cell as outer pressure medium. The lid of the

graphite capsule was thin (about 0.5 mm thickness) to minimize the distance between the
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Table 3.1 Chemical compositions (oxide wt%) of KS and GMR rhyolite on an anhydrous
basis

KS GMR

SiOy | 75.94 73.22

TiO> | 0.09 0.31

AlO3 | 12.98 14.08

FeO |0.98 1.45

MnO | 0.05 0.05

MgO | 0.03 0.26

CaO |0.56 1.31

Na,O | 4.01 4.06

KO |4.71 4.32

P,Os |[0.29 0.07

H»O: |0.76-0.90 1.89-2.23 in GMR+2
3.38-4.17 in GMR+4

Total | 99.63 99.13

Glass analyses were carried out with a CAMECA 5X-100 electron microprobe using a
defocused beam (10 pm) with 1 nA current at the University of Michigan. The oxide
wt% on an anhydrous basis is calculated by dividing the electron microprobe measured
oxide concentration by 1-C where C is weight percent of H,O; obtained by infrared

spectroscopy.
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thermocouple tip and the sample. The glass cylinder was placed in the center of the
graphite heater. The running temperature was measured with a type-S thermocouple
(Pt90Rh10-Pt) or type-D thermocouple (Re3W97-Re25W75). The distance between
thermocouple tip and the center of the sample was typically about 1.3 mm after
experiments.

A “piston-out” procedure was used to bring the assemblage to the final pressure at
373 K or 473 K. The sample assemblage was relaxed at this temperature and at the
desired experimental pressure for at least 2 hours to close the gaps in the sample
assemblage. After relaxation of the sample assemblage under pressure, temperature was
increased at a rate of 200 K per minute to the designated temperature. The sample stayed
at the desired temperature for sufficient time to ensure equilibrium for the interconversion
reaction between the two hydrous species in the sample but not too long enough for
appreciable crystallization. No temperature overshoot occurred and temperature
fluctuation was < 2 K. The sample was quenched roughly isobarically by turning off the
power and manually pumping to keep up the pressure. The cooling rate is estimated to be
~ 100 K/s (Zhang et al., 2000).

The thermal gradient in the piston cylinder was calibrated using water speciation
in rhyolitic glass (Zhang et al., 1997a; Thinger et al., 1999). Five experiments at 0.5 GPa
were carried out to calibrate the temperature distribution along the central axis of the
graphite heater. The temperature distribution along the distance from the center of the
charge is shown in Fig. 3.1. The equation for the temperature correction is:

AT =~ 2.21(T/600)x2, (2)

where X is the distance between the thermocouple tip and the center of the charge in mm,
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Fig. 3.1 Experimental results for temperature distribution in piston cylinder 2 at the
University of Michigan laboratory, calibrated using hydrous species equilibrium in
rhyolite based on the speciation model of Zhang et al. (1997a). Curves are best fittings of
the different set of experimental data with different a values shown in the figure using
Eqgn. 2.
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T is the temperature reading of the thermocouple in °C, AT is the temperature difference
between the center and the thermocouple tip in °C, and the constant 2.21 is the average of
5 experiments. Therefore T+AT is the temperature at the center of sample. Depending on
the IR measurement position on the glass chip, a correction of up to 6°C was added to the
nominal temperature recorded by the thermocouple. The pressure effect on emf of
different thermocouples results only in a small effect on temperature at <3 GPa (Li et al.,
2003) and is ignored. Overall, the temperature uncertainty (2c) for the series of
experiments in this study is estimated to be about 6 K.

Pressure calibration of the piston-cylinder apparatus (Piston-cylinder 2 in the
laboratory) was conducted using two types of experiments: the melting point of gold
(Akella and Kennedy, 1971) at < 1.0 GPa, and the quartz-coesite transition (e.g., Boyd
and England, 1960; Kitahara and Kennedy, 1964; Akella, 1979; Mirwald and Massonne,
1980; Bohlen and Boettcher, 1982; Bose and Ganguly, 1995) at 1073 K. In the
calibration using gold melting temperature, a gold wire connected the two legs of a type-
D thermocouple in a piston-cylinder. At a well-maintained nominal pressure, the
assemblage was gradually heated until melting of the Au wire (at which the thermocouple
signal was lost). The experiments show that the actual pressure is similar to the nominal
pressure within several percent. Quartz-coesite reversal experiments at 1073 K were also
carried out with a starting material of a mixture of quartz (50 wt%) and coesite (50 wt%)
powder, moistened to accelerate the reaction and sealed in Au capsule. Here the
experimental procedure of Bose and Ganguly (1995) was followed. The run product of
each experiment consists of only one pure crystalline phase as verified by X-ray

diffraction. The experimental results are listed in Table 3.2a. The calculated quartz-
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coesite phase transition pressures at 1073 K from the literature are given in Table 3.2b.
The literature data vary by 0.24 GPa reflecting difficulties in the experimental
calibrations. Because these results do not completely agree with each other, the most
recent experimental calibration (Bose and Ganguly, 1995) was adopted to correct the
pressure in the piston cylinder apparatus by -6% (i.e., dividing the nominal pressure by
1.06). Some experiments were carried out using another piston cylinder, for which the
correction is 5% based on another series of experiments to be reported in Ni and Zhang
(2008).

In order to further extend the pressure range some speciation experiments at 4-6
GPa were carried out in a multi-anvil apparatus at the University of Michigan. However,
except for one, these charges crystallized extensively. Because of the extreme difficulty
in quenching liquid to glass, equilibrium speciation experiments were not continued at 4-

6 GPa.

3. ANALYTICAL PROCEDURES

After quench, each charge was embedded in epoxy resin. Then, it was polished on
both sides into a thin section along the cylindrical axis. The thickness of the layer
polished away on each side of the charge was at least twice of the water diffusion
distance estimated using the diffusivity of Zhang and Behrens (2000). All run products
were analyzed for concentrations of HyOp, and OH expressed in terms of H>O using an
FTIR Perkin-Elmer GX spectrometer at the University of Michigan. An aperture of 0.1
mm in diameter was used to delimit the infrared beam size. This aperture size allows

acquisition of high-quality IR spectra and evaluation of sample heterogeneity. The
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Table 3.2a Experimental results for pressure calibration using quartz-coesite transition at
1073 K

Nominal |t (h) Result

P (GPa)

28.96 72 quartz

29.65 70 quartz

30.34 70 quartz

31.03 66 quartz

31.37 70 coesite
31.72 67 coesite
33.78 66 coesite

Table 3.2b Literature data on quartz-coesite transition pressure at 1073 K

P (GPa) | Reference

28.46 Boyd & England (1960)
29.08 Kitahara & Kennedy (1964)
30.30 Akella (1979)

29.20 Akella (1979)

28.62 Mirwald & Massonne (1980)
27.92 Bohlen & Boettcher (1982)
29.35 Bose & Ganguly (1995)
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intensities (peak heights) of the absorption bands at 5230 cm-! (Asy3) and 4520 cm-!
(A452) were measured. The baseline was fit by flexicurve as shown in Zhang et al.
(1997a).

Species (OH and H;0Oy,) concentrations in terms of HyO were obtained from IR
band intensities according to Beer’s law. Extensive effort has been made to calibrate the
IR method on hydrous rhyolitic glasses (e.g., Newman et al., 1986; Zhang et al., 1997a;
Withers and Behrens, 1999). The calibrations of Newman et al. (1986) and Withers and
Behrens (1999) assumed constant molar absorptivities, whereas Zhang et al. (1997a)
considered the variability of the molar absorptivities. With the calibration of Zhang et al.
(1997a), the H,Oy content is highly reproducible for the same sample but with different
cooling rates, but less so with other calibrations. Furthermore, the calibration of Zhang et
al. (1997a) results in concentration-independent equilibrium constants of reaction (1) at
H,0; < 2.7 wt%. However, the calibration of Zhang et al. (1997a) becomes increasingly
less accurate as H,Oy increases, with error of 0.17 wt % at 3.8 wt%, 0.39 wt% at 5.6 wt%,
and 1.1 wt% at 7.7 wt% (Zhang and Behrens, 2000). Because H,Oy in this work is less
than 4.2 wt%, and for consistency with the low-pressure speciation data of Thinger et al.
(1999), the molar absorptivities of Zhang et al. (1997a) were adopted. If a different
calibration is used, there would be significant and systematic differences in species
concentrations and K. Nonetheless, the trends of how K depends on temperature and
pressure stay the same. Furthermore, as long as self-consistency is maintained, the
equilibrium temperature (or the apparent equilibrium temperature) can be retrieved from

species concentrations accurately.
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Whether or not equilibrium is reached for reaction (1) in a particular experiment,
the parameter

(Xgllz—a.ISS)Z

glass glass
X H,0,, X O

Q

is used to monitor the change of proportions of OH and H,Oy, in a sample, where X;&%* is
the measured mole fraction of species i in the quenched glass on a single oxygen basis
(Stolper, 1982a, b), and O denotes an anhydrous oxygen. When the reaction duration is
long enough for the interconversion of these two hydrous species in the melt to reach
equilibrium, and furthermore if this equilibrium state is retained in the quench process, Q

will be equal to the equilibrium constant K.

4. RESULTS AND DISCUSSION

4.1. SPECIES CONCENTRATIONS AND EQUILIBRIUM CONSTANTS

The concentrations of HOp, and OH in all quenched glasses calculated using the
calibration of Zhang et al. (1997a) are listed in Table 3.3. The actual IR absorbance data
are also reported because there may be further improvement in the IR calibration. The
equilibrium constants are listed in Table 3.3 and plotted as a function of 1000/T in Fig.
3.2.

The uncertainty in each IR band intensity is about 1% relative, leading to an error
of 0.022 in InK, not accounting for systematic uncertainty of the calibration. The
uncertainty in thickness measurement is about 2 pum, which results in a negligible

increase in the overall uncertainty of InK. For high-pressure data, there are additional
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Table 3.3 The equilibrium speciation of water in rhyolitic melts under various pressures.

Measurement? TS ps Time Abs. Abs. Thickness HO; H,O0, OH X(H0p)  X(H,0p)  X(OH) 1000/T  InK
K GPa s 5200 4500 mm wt% wit% wt% K-!

KS-1-2.1 927 094 600 0.0270  0.1034  0.717 0.844  0.160  0.684  0.0151  0.0029  0.0245 1.07873 -1.538
KS-1-2.2 926 094 600 0.0278  0.1028  0.713 0.849  0.166  0.683  0.0152  0.0030  0.0245 1.08043 -1.573
KS-1-2.3 926 094 600 0.0255  0.0998  0.708 0819  0.153  0.666  0.0147  0.0027  0.0239 1.07938 -1.545
KS-1-3.1 879  0.94 14400  0.0593  0.1999 1415 0.845 0.178  0.666  0.0151  0.0032  0.0239 1.13736 -1.695
KS-1-3.2 877  0.94 14400  0.0589  0.1989  1.407 0.845 0.178  0.667  0.0151  0.0032  0.0239 1.14041 -1.693
KS-1-3.3 878  0.94 14400  0.0627  0.2065  1.431 0869  0.18  0.683  0.0156  0.0033  0.0245 1.13925 -1.691
KS-1-4.1 819  0.94 187200 0.0676  0.1833  1.321 0.868 0218  0.650  0.0155  0.0039  0.0233 1.22117 -1.945
KS-1-4.2 817  0.94 187200 0.0673  0.1805  1.311 0.863 0218  0.644  0.0155  0.0039  0.0231 1.22410 -1.966
KS-1-4.3 818 0.94 187200  0.0694  0.1857  1.326 0.880 0223  0.657  0.0158  0.0040  0.0235 1.22228 -1.946
GMR+2-1-1.1 828 094 600 0.1862  0.2472  1.038 1964 0772 1.192  0.0349  0.0137  0.0423 120769 -1.977
GMR+2-1-1.2 827 094 600 0.1892  0.2480  1.041 1974 0782  1.192  0.0350  0.0139  0.0423 1.20907 -1.991
GMR+2-1-1.3 826 094 600 0.1808  0.2449  1.033 1940 0753  1.187  0.0344  0.0134  0.0422 121022 -1.960
GMR+2-1-2.1 777 094 600 02150  0.2467  1.063 2014 0870  1.144  0.0357 0.0154  0.0406 1.28775 -2.180
GMR+2-1-2.2 778 094 600 02114  0.2467  1.059 2010 0859  1.151  0.0357 0.0152  0.0408 128497 -2.155
GMR+2-1-2.3 778 094 600 0.2099  0.2451  1.058 1997 0854  1.143  0.0354 0.0152  0.0406 1.28515 -2.163
GMR+2-1-3.1 725 0.94 183600 0.1824  0.1848  0.885 1.886  0.886  1.000  0.0335 0.0157  0.0355 1.37978 -2.469
GMR+2-1-3.2 727 0.94 183600 0.1841  0.1873  0.888 1904 0891  1.012 00338 0.0158  0.0360 137634 -2.452
GMR+2-1-3.3 726  0.94 183600 0.1868  0.1892  0.888 1.929 0905  1.024  0.0343  0.0161 0.0364 1.37800 -2.443
GMR+2-1-R1.1* 776 094 720 0.1756  0.1913  0.782 2.180 0968 1212  0.0386 0.0172  0.0430 1.28916 -2.166
GMR+2-1-R12%* 775 094 720 0.1742  0.1870  0.773 2167 0972  1.195  0.0384 0.0172  0.0424 129036 -2.199
GMR+2-1-R1.3* 776 094 720 0.1746  0.1903  0.789 2.146 0954  1.193  0.0381 0.0169  0.0423 1.28916 -2.186
GMR+4-1-2.1 726 0.94 10800  0.1375  0.0780  0.243 4010 2485 1525  0.0701  0.0434  0.0533 137751 -2.626
GMR+4-1-2.2 725 0.94 10800  0.1396  0.0807  0.256 3.893 2392 1501  0.0681  0.0418  0.0525 137846 -2.621
GMR+4-1-2.3 725 0.94 10800  0.1315  0.0745  0.236 3.944 2447 1497  0.0689  0.0428  0.0523 1.37928 -2.648
GMR+4-1-3.1 676 094 46800  0.2577  0.1364  0.490 3.575 2300 1276 0.0627  0.0403  0.0447 147921 -2914
GMR+4-1-3.2 675 094 46800  0.2586  0.1344  0.482 3.621 2348 1273 0.0635  0.0411 0.0446 1.48152 -2.938
GMR+4-1-3.3 676 094 46800  0.2581  0.1368  0.499 3.515 2261 1255  0.0617  0.0397  0.0440 1.47982 -2.931
GMR+4-1-4.1 626 094 261360 03017  0.1423  0.573 3394 2298  1.096  0.0596  0.0404  0.0385 1.59840 -3.224
GMR+4-1-4.2 624 094 261360 0.3013  0.1414  0.574 3.375 2291  1.084  0.0593  0.0402  0.0381 1.60157 -3.242
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GMR+4-1-4.3
KS-2-1.1
KS-2-1.2
KS-2-1.3
KS-2-2.1
KS-2-2.2
KS-2-2.3
KS-2-4.1
KS-2-4.2
KS-2-4.3
GMR+2-2-1.1
GMR+2-2-1.2
GMR+2-2-1.3
GMR+2-2-2.1
GMR+2-2-2.2
GMR+2-2-2.3
GMR+2-2-4.1
GMR+2-2-4.2
GMR+2-2-4.3
GMR+4-2-1.1
GMR+4-2-1.2
GMR+4-2-1.3
GMR+4-2-2.1
GMR+4-2-2.2
GMR+4-2-2.3
GMR+4-2-3.1
GMR+4-2-3.2
GMR+4-2-3.3
KS-3-1.1
KS-3-1.2
KS-3-1.3
KS-3-R1.1*
KS-3-R1.2*

625
926
926
926
877
876
876
960
959
962
825
826
825
777
776
776
856
856
855
757
756
756
726
725
726
676
675
675
876
875
875
877
878

0.94
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89
2.86
2.86
2.86
2.83
2.83

261360
600
600
600
14400
14400
14400
600
600
600
7200
7200
7200
86400
86400
86400
600
600
600
1260
1260
1260
14400
14400
14400
172800
172800
172800
7200
7200
7200
14400
14400

0.3012
0.0476
0.0475
0.0463
0.0699
0.0653
0.0649
0.0419
0.0419
0.0415
0.1032
0.0992
0.0962
0.1633
0.1618
0.1607
0.1450
0.1461
0.1468
0.2299
0.2228
0.2359
0.2950
0.2949
0.2918
0.4221
0.4178
0.4296
0.0622
0.0614
0.0631
0.0349
0.0353

0.1408
0.1838
0.1828
0.1806
0.2340
0.2264
0.2264
0.1795
0.1795
0.1795
0.1397
0.1378
0.1329
0.2049
0.2020
0.2027
0.2017
0.2051
0.2042
0.1444
0.1393
0.1500
0.1847
0.1838
0.1833
0.2261
0.2246
0.2279
0.2310
0.2297
0.2318
0.1493
0.1499

0.568
1.209
1.208
1.203
1.561
1.562
1.560
1.189
1.196
1.198
0.538
0.536
0.524
0.850
0.852
0.852
0.757
0.759
0.759
0.414
0.403
0.432
0.575
0.574
0.578
0.741
0.737
0.745
1.566
1.568
1.564
1.117
1.121

3.406
0.894
0.891
0.880
0.904
0.864
0.865
0.872
0.866
0.863
2.153
2.109
2.080
2.032
1.998
1.998
2.196
2.225
2.221
4.165
4.132
4.117
3.809
3.804
3.749
3.920
3.907
3.953
0.870
0.863
0.877
0.760
0.762

2315
0.168
0.167
0.164
0.191
0.178
0.177
0.150
0.149
0.147
0.827
0.797
0.790
0.827
0.817
0.812
0.826
0.830
0.834
2.444
2.432
2.401
2.249
2.253
2.212
2.500
2.488
2.532
0.169
0.166
0.172
0.133
0.134

1.091
0.727
0.723
0.716
0.713
0.687
0.688
0.722
0.717
0.716
1.325
1.312
1.289
1.205
1.181
1.187
1.370
1.395
1.387
1.721
1.701
1.716
1.560
1.552
1.537
1.420
1.419
1.421
0.701
0.696
0.705
0.627
0.628

0.0598
0.0160
0.0159
0.0158
0.0162
0.0155
0.0155
0.0156
0.0155
0.0155
0.0382
0.0374
0.0369
0.0361
0.0355
0.0355
0.0389
0.0394
0.0394
0.0727
0.0721
0.0719
0.0667
0.0666
0.0656
0.0685
0.0683
0.0691
0.0156
0.0154
0.0157
0.0136
0.0137

0.0406
0.0030
0.0030
0.0029
0.0034
0.0032
0.0032
0.0027
0.0027
0.0026
0.0147
0.0141
0.0140
0.0147
0.0145
0.0144
0.0146
0.0147
0.0148
0.0426
0.0424
0.0419
0.0394
0.0394
0.0387
0.0437
0.0435
0.0443
0.0030
0.0030
0.0031
0.0024
0.0024

0.0383
0.0260
0.0259
0.0257
0.0255
0.0246
0.0246
0.0259
0.0257
0.0256
0.0470
0.0465
0.0457
0.0428
0.0419
0.0421
0.0486
0.0494
0.0491
0.0601
0.0594
0.0599
0.0546
0.0543
0.0538
0.0496
0.0496
0.0497
0.0251
0.0249
0.0253
0.0225
0.0225

1.59905
1.07938
1.08049
1.07968
1.14018
1.14156
1.14176
1.04195
1.04320
1.03982
1.21199
1.21006
1.21179
1.28756
1.28904
1.28904
1.16794
1.16807
1.16954
1.32182
1.32305
1.32297
1.37766
1.37956
1.37788
1.48015
1.48155
1.48070
1.14211
1.14288
1.14248
1.14045
1.13841

-3.240
-1.459
-1.469
-1.466
-1.625
-1.633
-1.625
-1.360
-1.368
-1.362
-1.829
-1.814
-1.841
-2.023
-2.053
-2.036
-1.760
-1.729
-1.746
-2.361
-2.381
-2.351
-2.482
-2.494
-2.496
-2.778
-2.773
-2.788
-1.539
-1.540
-1.543
-1.524
-1.532
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KS-3-R1.3*
KS-3-2.1
KS-3-2.2
KS-3-2.3
KS-3-2.4
KS-3-3.1
KS-3-3.2
KS-3-3.3
KS-3-4.1
KS-3-4.2
KS-3-4.3
KS-3-4.4
GMR+2-3-1.1
GMR+2-3-1.2
GMR+2-3-1.3
GMR+2-3-2.1
GMR+2-3-2.2
GMR+2-3-2.3
GMR+2-3-3.1
GMR+2-3-3.2
GMR+2-3-3.3
GMR+4-3-1.1
GMR+4-3-1.2
GMR+4-3-1.3
GMR+4-3-3.1
GMR+4-3-3.2
GMR+4-3-3.3
GMR+4-3-4.1
GMR+4-3-4.2
GMR+4-3-4.3
KS-1b-1.1
KS-1b-1.2
KS-1b-1.3

877
977
977
977
975
926
927
926
1027
1026
1026
1026
876
875
876
825
825
825
777
777
775
776
775
776
726
726
726
676
675
675
973
973
973

2.83
2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.86
2.83
2.83
2.83
2.83
2.83
2.83
2.83
2.83
2.83
2.83
2.83
2.83
2.83
2.83
2.83
2.83
2.83
2.83
0.0001
0.0001
0.0001

14400
600
600
600
600
600
600
600

96

96

96

96

600
600
600
7200
7200
7200
172800
172800
172800
960
960
960
21600
21600
21600
259200
259200
259200
600
600
600

0.0357
0.0352
0.0355
0.0355
0.0348
0.0435
0.0431
0.0435
0.0372
0.0376
0.0369
0.0365
0.1364
0.1377
0.1326
0.1509
0.2077
0.2067
0.2163
0.2174
0.2199
0.2616
0.2644
0.2598
0.2769
0.2748
0.2763
0.3326
0.3337
0.3297
0.0191
0.0194
0.0190

0.1501
0.1785
0.1788
0.1785
0.1761
0.1998
0.1987
0.2005
0.2101
0.2105
0.2093
0.2082
0.2250
0.2250
0.2220
0.2250
0.3063
0.3075
0.2836
0.2826
0.2841
0.2005
0.2014
0.1991
0.1951
0.1930
0.1959
0.1961
0.1972
0.1955
0.0907
0.0907
0.0898

1.118
1.248
1.248
1.248
1.251
1.438
1.439
1.439
1.489
1.489
1.489
1.489
0.837
0.836
0.831
0.845
1.159
1.162
1.081
1.082
1.080
0.563
0.564
0.561
0.580
0.579
0.589
0.601
0.602
0.598
0.611
0.608
0.606

0.766
0.799
0.802
0.800
0.786
0.785
0.779
0.787
0.776
0.779
0.772
0.767
2.102
2.111
2.078
2.145
2.134
2.131
2.202
2.197
2.220
3.871
3.894
3.857
3.777
3.745
3.718
3.999
4.012
3.995
0.842
0.849
0.841

0.136
0.120
0.121
0.121
0.118
0.128
0.127
0.128
0.106
0.107
0.105
0.104
0.702
0.709
0.687
0.769
0.772
0.766
0.863
0.866
0.878
2.039
2.057
2.031
2.092
2.079
2.054
2.431
2.435
2.422
0.133
0.136
0.134

0.630
0.680
0.681
0.679
0.667
0.657
0.652
0.659
0.670
0.671
0.667
0.663
1.400
1.402
1.391
1.376
1.362
1.365
1.339
1.331
1.342
1.833
1.837
1.825
1.685
1.666
1.664
1.568
1.577
1.574
0.709
0.713
0.708

0.0137
0.0143
0.0144
0.0143
0.0141
0.0141
0.0140
0.0141
0.0139
0.0140
0.0138
0.0138
0.0373
0.0374
0.0369
0.0380
0.0378
0.0378
0.0390
0.0389
0.0393
0.0677
0.0681
0.0675
0.0661
0.0656
0.0651
0.0699
0.0701
0.0698
0.0151
0.0152
0.0151

0.0024
0.0021
0.0022
0.0022
0.0021
0.0023
0.0023
0.0023
0.0019
0.0019
0.0019
0.0019
0.0124
0.0126
0.0122
0.0136
0.0137
0.0136
0.0153
0.0153
0.0156
0.0357
0.0360
0.0355
0.0366
0.0364
0.0360
0.0425
0.0426
0.0423
0.0024
0.0024
0.0024

0.0226
0.0244
0.0244
0.0244
0.0239
0.0235
0.0234
0.0236
0.0240
0.0241
0.0239
0.0238
0.0497
0.0497
0.0493
0.0488
0.0483
0.0484
0.0475
0.0472
0.0476
0.0641
0.0643
0.0639
0.0590
0.0583
0.0583
0.0548
0.0551
0.0550
0.0254
0.0256
0.0253

1.14035
1.02327
1.02372
1.02347
1.02525
1.08042
1.07927
1.07982
0.97390
0.97456
0.97456
0.97490
1.14103
1.14243
1.14191
1.21184
1.21149
1.21149
1.28707
1.28745
1.28972
1.28814
1.29041
1.28818
1.37668
1.37835
1.37770
1.47929
1.48109
1.48041
1.02759
1.02759
1.02759

-1.536
-1.259
-1.264
-1.269
-1.283
-1.399
-1.404
-1.391
-1.168
-1.174
-1.168
-1.170
-1.554
-1.563
-1.547
-1.682
-1.706
-1.694
-1.851
-1.867
-1.864
-2.055
-2.059
-2.060
-2.253
-2.271
-2.261
-2.547
-2.538
-2.536
-1.276
-1.287
-1.286




99

KS-1b-2.1
KS-1b-2.2
KS-1b-2.3
KS-1b-R1.1%*
KS-1b-R1.2*
KS-1b-R1.3*
KS-1b-R2.1*
KS-1b-R2.2*
KS-1b-R2.3*
KS-1b-3.1
KS-1b-3.2
KS-1b-3.3

923
923
923
923
923
923
923
923
923
873
873
873

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

600
600
600
7200
7200
7200
2400
2400
2400
21600
21600
21600

0.0214
0.0206
0.0219
0.0402
0.0400
0.0402
0.0685
0.0685
0.0675
0.0501
0.0501
0.0498

0.0959
0.0938
0.0966
0.1796
0.1794
0.1797
0.2875
0.2870
0.2846
0.1763
0.1766
0.1757

0.691
0.685
0.688
1.292
1.291
1.292
1.975
1.976
1.973
1.231
1.231
1.230

0.787
0.774
0.800
0.789
0.788
0.789
0.839
0.838
0.830
0.851
0.852
0.848

0.131
0.128
0.135
0.132
0.132
0.132
0.147
0.147
0.145
0.173
0.173
0.172

0.655
0.646
0.664
0.657
0.657
0.657
0.692
0.690
0.685
0.678
0.679
0.676

0.0141
0.0139
0.0143
0.0141
0.0141
0.0141
0.0150
0.0150
0.0149
0.0152
0.0153
0.0152

0.0024
0.0023
0.0024
0.0024
0.0024
0.0024
0.0026
0.0026
0.0026
0.0031
0.0031
0.0031

0.0235
0.0231
0.0238
0.0235
0.0235
0.0236
0.0248
0.0247
0.0245
0.0243
0.0243
0.0242

1.08325
1.08325
1.08325
1.08325
1.08325
1.08325
1.08325
1.08325
1.08325
1.14528
1.14528
1.14528

-1.425
-1.430
-1.427
-1.426
-1.423
-1.424
-1.430
-1.435
-1.438
-1.632
-1.628
-1.633

Note: $ T has been corrected using Eqn. (2). P has been corrected based on pressure calibration. .
# Three or four points were measured by IR for each experimental sample; they are listed as xxx.1, .2, .3 or .4.

* These experiments are reversal runs (Fig. 3.3).
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Fig. 3.2 The temperature dependence of InK at some pressures. Water concentrations for
samples KS (0.76-0.90 wt%) and GMR+2 (1.89-2.23 wt%) are less than 2.7 wt% and
speciation data on them overlap, indicating that K is independent of H>,O; when water
content is less than 2.7 wt%. The dashed reference line is the ideal mixing model for
water content less than 2.7 wt% at ambient pressure from lhinger et al. (1999). The solid
lines are the best-fit linear regression results for the data, showing that ideal solution
model (Eqn. 3) works well for < 2.7 wt% H,0O; (KS and GMR+2), The regression for
GMR+4 was separated from that for other compositions and is different.
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errors in estimating the species concentrations such as density variation with pressure.

Hence the uncertainty from the IR measurement in InK is estimated to be0.03.

4.2. ATTAINMENT AND RETENTION OF EQUILIBRIUM

In this section, the attainment of equilibrium at the experimental temperature and
the retention during quench are examined. In either of the following two scenarios, the
measured species concentrations would not reflect those at equilibrium, in other words, Q
# K: (1) the duration for the reaction at the experimental temperature is not long enough
for it to reach equilibrium (attainment of equilibrium), or (2) species concentrations in the
melt are changed during isobarically quenching to room temperature (retention of
equilibrium).

To demonstrate the attainment of equilibrium, reversal experiments have been
carried out under two sets of conditions (a. GMR+2-1-R1, 776 K, 0.94 GPa, and 2.16
wt% H,Oy; b. KS-3-R1, 877 K, 2.83 GPa, and 0.76 wt% H;Oy; Table 3.3). One
experiment in each reversal pair was first relaxed at a temperature above the reversal
experimental temperature and one below to obtain different Q values. Hence, each set of
the reversal experiments approached the same final value of Q from initially higher or
lower Q wvalues (Fig. 3.3). This final Q value is the equilibrium constant K. These
experiments are informative for constraining the duration required for a sample to reach
equilibrium at this set of conditions. Durations for all other experiments were estimated
from these experiments and from kinetic experiments under ambient pressure (Zhang et
al., 1995, 1997b, 2000); the actual experimental duration was longer than that estimated

for reaching equilibrium at specific running condition.
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Fig. 3.3 Two sets of reversal experiments to examine the duration required to reach
equilibrium. Solid curves are schematic illustrations of Q evolution in different
experiments. (A), KS sample; (B), GMR+2 sample. The relaxation might be much faster
than illustrated by the curves.
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The issue of whether or not the equilibrium state can be retained during quench
has received considerable attention during the last two decades (e.g., Dingwell and Webb,
1990; Zhang et al., 1991b, 1995; Thinger et al., 1999; Withers et al., 1999; Zhang, 1999;
Nowak and Behrens, 2001; Xu and Zhang, 2002; Behrens and Nowak, 2003). As
reviewed in the Introduction, the different sides have worked together and resolved the
debates: the consensus is that species concentrations can be retained by quench if the
experimental temperature is not too high (such as <850 K, depending on H,Oy, see Table
3.3), so that it is below the glass transition temperature for the given quench rate and
pressure (Withers et al., 1999; Behrens and Nowak, 2003).

In summary, for attainment of equilibrium, the experimental temperature must be
high enough (such as 673 K, depending on H,O; and pressure, see Table 3.3). For
retention of equilibrium species concentrations through quench, the experimental
temperature must be low enough. In other words, the experimental temperature must
satisfy the conditions that for the time scale of the isothermal experiments, the sample is
in the liquid state; whereas for the time scale of quenching, the sample is in the glass
state. Hence there is a limited temperature window for a given H,O; and pressure, at

which equilibrium speciation can be obtained from quench experiments.

4.3. EQUILIBRIUM CONSTANT AS A FUNCTION OF TEMPERATURE, H20;
AND PRESSURE

Equilibrium speciation data are listed in Table 3.3 and results are plotted in Fig.
3.2 as InK versus 1000/T. As shown in Figs. 3.2a, 3.2b and 3.2¢, K is independent of

water content when H,Oy in the sample is less than 2.7 wt%, consistent with Zhang et al.
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(1997a). Some new experimental data at ambient pressure are also reported here to
extend the temperature coverage of Thinger et al. (1999). Other speciation data have been
obtained on rhyolitic or quasi-rhyolitic melts (e.g., Sowerby and Keppler, 1999; Nowak
and Behrens, 2001; Behrens and Nowak, 2003), but they are based on different IR
calibrations (different molar absorptivities) and cannot be directly compared with the new
data. The new 1-bar data are consistent with those of Thinger et al. (1999) as shown in
Fig. 3.2d. A simple ideal solution model (Eqn. 3) can be used to describe speciation in the
rhyolitic melts with low water content (up to 2.7 wt% H,O) at any given pressure.

1nK:A+@B, 3)

where A and B are fitting parameters independent of chemical composition. The fitting
results are shown in Figs. 3.2 and 3.4a and fitting parameters at each pressure are listed in
Table 3.4. The high-pressure experiments show an increase of InK with increasing
pressure systematically. As shown in Fig. 3.4a, the effect of 1.89 GPa (from 0.94 to 2.83
GPa) on the equilibrium constant of the speciation reaction at 773 K is equivalent to that
of 67 K (from 773 K to 840 K) on the equilibrium constant at 0.94 GPa. The enthalpy of
reaction (1) at a given pressure can be inferred from the slopes of the best-fitting lines in
Fig. 3.4a, i.e., from fitting parameter B. As shown in Fig. 3.4b, enthalpy of reaction (1)
decreases nonlinearly with pressure from 27.02 kJ/mol under ambient pressure to 18.53
kJ/mol at 2.83 GPa (Fig. 3.4b).

Although K for reaction (1) does not depend on H,O; concentration for water
content less than 2.7 wt%, at higher water content (here ~ 4 wt% H,Oy) it depends on

H,0y content. This result indicates either mixing between H,Op,, OH and O in reaction
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Fig. 3.4 (A) The dependence of K on temperature for samples with H,O; <2.7 wt% at
various pressures. Data for 0.0001 GPa are from Thinger et al. (1999) and this work. The
curves are the best-fit linear regression results using Eqn. 3. The arrow lines indicate
changes in InK and T respectively. (B) The pressure dependence of enthalpy of reaction
(1) for samples with HyO; <2.7 wt%. The solid line is the best-fit regression result with

equation shown in the figure.
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(1) is non-ideal, or the already complicated calibration of Zhang et al. (1997a) to convert
IR band intensities to species concentrations is imperfect (Ihinger et al., 1999).

In the absence of an unambiguous calibration of the molar absorptivities of two
hydrous species in high-water-content samples, the simplest approximation beyond ideal
mixing of HyOp, OH and O in hydrous silicate melt is a regular solution model. Silver
and Stolper (1989) illustrated a way to extend the simple ideal mixing model to a regular
solution model, adapted also by Silver et al. (1990), Zhang et al. (1991b), and Thinger et

al. (1999). The same formulation is adapted here:

2
InK = 1.1[—X0H J: a4 1000 (B'+C'Xy1,0, + D' Xoy ), (4)
H,0,, XO T !

where A', B', C' and D' are fitting parameters independent of H,O; and their physical
meanings are shown in Silver and Stolper (1989). Values of these fitting parameters at
each pressure are listed in Table 3.4. The maximum differences for these equations to
reproduce experimental equilibrium temperature are also listed in Table 3.4 and they are
within 10 K at high pressures.

Eqn. 4 could be expanded to accommodate the dependence of K on temperature,
pressure and water content if the fitting parameters A, B, C and D in Eqn. 4 are assumed
to be functions of pressure. As discussed above, the dependence on pressure is not linear.

After some trials, the following formulation is found to fit all speciation data in rhyolitic

melt well:
p Py, 1000 oo .
InK = (A,'+A,'P)+ ?((BO +B,'P+B ,,'P?)+
3 3 ’ )
(Cy'+Cy'P+C ' PH) Xy, +(Dy'+D,'P + DP%'PZ)XOH]
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Table 3.4. Fitting parameters for Eqns. 3, 4 and 6.

InK

InK*

ideal mixing”

regular solution model

regular solution model

A B A B' C D' [AT®)S| A B" C" D' [AT(K)®
0.0001 GPa * | 2.0616 | -3.2495 | 1.8120 | -3.0830 | -7.4203 | 3.0437 | 18.3 2.7524 | -2.8404 -1.2945 [ 18.9
0.94 GPa 1.7636 | -3.0599 | 1.3264 | -2.6529 | -5.3362 | 0.1706 | 7.9 22910 | -2.4292 | 0.1720 | -1.7996 | 7.7
1.89 GPa 1.4995 | -2.7503 | 1.0359 | -2.3199 | -7.1853 | 0.9728 | 7.3 1.8976 | -2.0068 -1.6630 | 8.6
2.83 GPa 1.0053 | -2.2285 [ 0.7611 | -2.0211 | -7.5335 | 1.8349 [ 9.0 1.6609 | -1.7348 -1.5492 [ 10.2

Note: # Water content is less than 2.2 wt%.
§ Maximum temperature difference between experimental temperature and model predicted temperature.
* New data reported here and literature data from Thinger et al. (1999), which include some speciation data at P < 100 MPa.




where P is pressure in GPa, T is temperature in K and X is mole fraction of species H,Op,
or OH. This formulation could reproduce all experimental data with a 2c uncertainty of
0.058 in InK. The best-fit parameters in Eqn. 5 with 26 errors are: A'g = 1.8120 + 0.1044,
A'p =-0.3832 £ 0.0418, B'g = -3.0830 £ 0.0796, B'p = 0.2999 + 0.0638, B'ps> = 0.0507 *
0.0386, C'p = -7.4203 £ 1.4953, C'p = 5.0262 £ 1.4040, C'ps2 = -3.1271 £ 0.9076, D'y =
3.0437 £1.3731, D'p = -5.4527 £ 1.9763, D'ps» = 3.0464 £ 1.2441. The reproducibility of
experimental equilibrium temperature by Eqn. 5 is shown in a histogram (Fig. 3.5), which

is approximately a Gaussian distribution. Fig. 3.6 further shows how well K at some

water contents can be reproduced.

44. RELATING ABSORBANCES DIRECTLY TO TEMPERATURE AND
PRESSURE

Estimating the apparent equilibrium temperature of hydrous rhyolite of a given
cooling rate for inferring viscosity is one of the most important applications of this work
(Zhang et al., 2003; Zhang and Xu, 2007). Owing to possible future improvement of
molar absorptivities of two hydrous species, it is useful to recast speciation data directly
in terms of IR band intensities (Thinger et al., 1999; Liu et al., 2004a), so that equilibrium
temperature or the apparent equilibrium temperature can be directly estimated from

infrared data. Following Zhang et al. (2000), K' is defined below:

K'= (2\452)2/2\523.

where A is absorbance per mm sample thickness. By analogy with the regular solution

model (Eqn. 4), the following equation is used to relate K' and A,
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Fig. 3.5 Histogram showing the distribution of differences between the experimental
equilibrium temperature and predicted temperature by Eqn. 5. Sources of data include
Thinger et al. (1999) and this work.
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Fig. 3.6 Pressure effect on InK at some temperatures and water concentrations. The
curves are calculated from Eqn. 5. Points are experimental data. In (A), three curves are
calculated at each temperature for HyO; of 0.7, 1.7 and 2.7 wt% from top to bottom at
each temperature. In (B), the dashed curve means temperature is above the experimental
temperature.
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(Pas) 1000 — -
InK'=In~— :A"+7(B"+C"A523+D"Am]. (6)

523
The best-fit parameters for four different pressures are listed in Table 3.4. The differences
between experimental and predicted temperatures using Eqn. 6 are also listed in Table
3.4, which are not much different from the regular solution model using species
concentrations (Eqn. 4). A model was developed to directly relate K', A, T and P,

analogous to Eqn. 5, as follows:

3

" " 1000 " " n"p2
InK = (A,"+A, P)+?£(BO +B, P+BP% P2)+
: . , (7)
(C,"+C,"P +C , "P?)Ass +(D,"+D,"P +D " PZ)AmJ

where P is pressure in GPa, T is temperature in K and A is absorbance per mm sample

thickness for species HyOp, or OH. This formulation reproduces all of the data with a 2c
uncertainty of 0.059 in InK'". The best-fit parameters in Eqn. 7 with 2c errors are: A"y =
2.7524 £ 0.0944, A"p = -0.3890 £ 0.0395, B"y = -2.8404 £ 0.0809, B"p = 0.3053 £ 0.0697,
B"ps2» =0.0531 £ 0.0433, C"p = 0.3768 £ 0.1301, C"ps2 = -0.2261 £+ 0.0836, D"y = -1.2945
+ 0.0893, D"p = -0.9499 £ 0.4076, D"ps» = 0.5121 + 0.2573. Because Eqn. 7 is

independent of molar absorptivity, future improvement in molar absorptivities of these
bands will not affect the reproducibility of Eqn. 7. It can reproduce experimental
temperature with a 2c uncertainty of 13 K (similar to the reproducibility of Eqn. 5 shown

in Fig. 3.5) directly from measured absorbances.
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4.5. APPLICATIONS

Speciation plays an important role in H>O solubility (e.g., Silver et al., 1990;
Blank et al., 1993; Zhang, 1999), as well as diffusion (e.g., Zhang et al., 1991a,b; Zhang
and Behrens, 2000; Liu et al., 2004b; Zhang et al., 2007) and crystal nucleation (e.g.,
Davis et al., 1997). Several models (Eqns. 3-5) are provided to determine H,O,, and OH
concentrations as functions of pressure, temperature and H,Oy in rhyolitic melts. Hence
the new results can be applied to model H,O diffusion, quantify the dependence of
molecular H,O diffusivity on pressure, and quantitatively understand the effect of
dissolved H;O; on the nucleation and crystal growth in hydrous melts under high
pressure. Furthermore, information from this work may be useful in future models of
thermodynamic properties of hydrous silicate melts.

Another application of the new results is to predict apparent equilibrium
temperature, T,. (Zhang, 1994). As discussed by Zhang (1994), T, is one of the well-
defined parameters in measurements for any given cooling history and can be a good
indicator of cooling rate. Because of negligible dependence of K on pressure when the
pressure is < 1 GPa, and because natural rhyolitic glasses general cool at nearly surface
pressures, for naturally cooled hydrous rhyolitic glasses, the equation at ambient pressure
(e.g., Eqn. 7 in Thinger et al., 1999) is applicable to calculate apparent equilibrium
temperature. For experimental glasses cooled at high pressures such as 2 GPa, the
pressure effect must be considered. Knowledge of T, is critical to inferring viscosity
based on kinetic experiments of the hydrous species reaction (Zhang et al., 2003; Zhang
and Xu, 2007), since it is assumed that the viscosity at the apparent equilibrium

temperature is inversely proportional to the cooling rate (Dingwell and Webb, 1990,
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Zhang et al., 2003). Hence, by conducting a controlled cooling rate experiment of a
hydrous rhyolitic melt under pressure, after calculating T,., the viscosity at this
temperature (and pressure) can be estimated. At present, this is the only method to
estimate viscosity at P > 1 GPa in the viscosity range of 10°-1014 Pa-s. The application
for inferring viscosity is the main motivation for us to conduct this research. Results from

this work are applied to infer viscosity at high pressure in Chapter I'V.

5. CONCLUSIONS

The equilibrium of the interconversion reaction between two dissolved water
species (H,O,, and OH) was experimentally investigated as a function of pressure
(0.0001, 0.94, 1.89 and 2.83 GPa), temperature (624-1027 K), and H,O concentrations
(0.8% to 4.2 wt%). The speciation data at total H;O content < 2.7% can be described by
an ideal mixing model, consistent with previous results. With inclusion of speciation data
at higher water contents, one way to describe the speciation data is a regular solution
model. The general speciation model (Eqn. 5) constructed to accommodate the
dependence of H,O speciation in the rhyolitic melts on T-P-X can be used to predict
species concentrations at P < 2.83 GPa, total H,O content < 4.2 wt%, and temperature of
624-1027 K. Furthermore, it can be used to calculate apparent equilibrium temperature,

which can then be used to infer viscosity of hydrous rhyolitic melts under high pressure.
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CHAPTER IV

PRESSURE DEPENDENCE OF VISCOSITY OF
RHYOLITIC MELTS

ABSTRACT

Viscosity of silicate melts is a critical property for understanding volcanic and
igneous processes in the Earth. Two methods were used to study the pressure effect on
the viscosity of rhyolitic melts: hydrous species reaction viscometer in a piston cylinder
and parallel plate creep viscometer in an internally-heated pressure vessel (IHPV). With
the hydrous species reaction viscometer, viscosities of hydrous rhyolitic melts were
inferred based on the kinetics of hydrous species reaction in the melt upon cooling (i.e.,
the equivalence of rheologically defined glass transition temperature and chemically
defined apparent equilibrium temperature). The cooling experiments were carried out in a
piston cylinder apparatus using hydrous rhyolitic samples with 0.8 to 4 wt% water at
pressures up to 2.83 GPa. Cooling rates of the experiments varied from 0.1 K/s to 100
K/s; hence the range of viscosity inferred from this method is 3 orders of magnitude. The
data from this method show that viscosity increases with increasing pressure from 1 GPa
to 3 GPa for hydrous rhyolitic melts with water content > 0.8 wt%. Viscosity of rhyolitic

melt with 0.13 wt% water was also measured using parallel plate viscometer at pressures
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0.2 and 0.4 GPa in an IHPV. The data show that viscosity of rhyolitic melt with 0.13
wt% water decreaseswith increasing pressure. Combining new data with literature data, a
viscosity model of rhyolitic melts in the high viscosity range as a function of temperature,

pressure and water content is developed.

1. INTRODUCTION

Viscosity of silicate melts is a property of fundamental importance in Earth
sciences. Viscosities of silicate melts under ambient pressure have been studied
extensively (e.g., Shaw, 1972; Hui and Zhang, 2007). Several experimental techniques
are available to measure viscosity directly: (1) in the low viscosity range (0.1 to 105 Pa-s),
concentric cylinder viscometer (e.g., Dingwell, 1986) and falling sphere technique (e.g.,
Shaw, 1963); (2) in the high viscosity range (103 to 1014 Pa‘s), micropenetration method
(e.g., Hummel and Arndt, 1985), parallel plate creep viscometer (e.g., Neuville and
Richet, 1991) and fiber elongation method (e.g., Lillie, 1931). Few viscosity data are in
the intermediate viscosity range of 105 to 108 Pa‘s (Dorfman et al., 1996, 1997) because
(1) the methods applicable to low viscosity cannot be used because rotation rate or falling
rate would be too slow; (2) the methods applicable to high viscosities cannot be used
because the melt would flow too easily; and (3) many silicate melts crystallize rapidly in
this viscosity range. In most cases, geologists interpolated viscosity from models
constructed using experimental data in the high and low viscosity ranges (e.g., Rust and
Cashman, 2007).

Some of these viscometers have been adapted to high-pressure apparatus

(Dingwell, 1998). In the low viscosity range, viscosity data at high pressure (> 1 GPa) are
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obtainable with the falling sphere technique (e.g., Kushiro et al., 1976; Liebske et al.,
2005). For example, in situ falling sphere technique in the high-pressure apparatus, such
as multi-anvil, with assistance of synchrotron, can reach pressures up to 13 GPa (e.g.,
Reid et al., 2003; Liebske et al., 2005). On the other hand, in the high viscosity range, no
viscosity data exist at pressures > 1 GPa. The practical reason is the limit of the current
experimental methods. For example, the maximum pressure that traditional viscometers
could reach is 0.4 GPa (e.g., Behrens and Schulze, 2003). Based on the equivalence of
enthalpy relaxation and viscous relaxation, Rosenhauer et al. (1979) used high-pressure
differential thermal analysis experiments in an internally-heated pressure vessel (IHPV)
to infer viscosities of diopside, albite and trisilicate at glass transition temperatures at
elevated pressures up to 0.7 GPa.

Many geologic processes related to silicate melts deal with elevated pressures.
The pressure scales of these processes may vary from 0-200 MPa for volcanic eruptions,
to a couple of GPa for crustal anatexis and mantle melting, to hundreds of GPa for core-
mantle segregation. This extreme range of magnitudes requires the experimental
approach of studying melt viscosities to explore a very broad spectrum of measurement
principles and technologies. In this report, the hydrous species viscometer is developed
for high-pressure viscosity determination.

Rosenhauer et al. (1979) assumed the equivalence of enthalpy relaxation and
viscous relaxation to infer viscosity. Dingwell and Webb (1990) assumed the equivalence
between viscous relaxation and hydrous species equilibration (see below). Dingwell
(1998) discussed the inference of viscosity at high pressures from glass transition based

on volume relaxation, enthalpy relaxation, spectroscopic measurements (applied in this
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study) and called them as “one of the most important breakthroughs for the prospect of
obtaining high pressure viscosity data”. Zhang et al. (2003) and Zhang and Xu (2007)
applied the hydrous species viscometer (see section 2.1) to infer viscosity of hydrous
silicate melts at the glass transition temperature range. This method has several
advantages and disadvantages. The most important advantage here is that this method can
be adapted to high-pressure apparatus, such as piston cylinder, as far as glass can be
obtained by quench. Because the method relies on the measurement of hydrous species
concentrations, it is only applicable to hydrous silicate melts with > 0.5 wt% total H,O,
but not to melts with less H,O. With this method, viscosity is inferred but not obtained
from direct measurement.

In this study, the hydrous species reaction viscometer was applied in a piston
cylinder to investigate viscosity of hydrous rhyolitic melts with water content from 0.8 to
4 wt% at pressures up to 2.83 GPa. This pressure range is aimed to cover rhyolitic
(granitic) melt generated at depth from field observations (e.g., Sylvester, 1999) and
experimental studies (e.g., Rapp and Watson, 1995). Furthermore, as will be shown later,
increasing pressure seems to have a significant effect on crystallization rate in rhyolitic
melts, which seems to indicate that viscosity decreases significantly with increasing
pressure. The large pressure coverage allows the evaluation of whether this is true.

In addition to this new method, the parallel-plate viscometer in an IHPV was also
used to directly measure viscosity of natural rhyolite from 0.2 GPa to 0.4 GPa.
Combining the literature data at pressure <0.5 GPa, a viscosity model is developed
accommodating the dependence of viscosity of rhyolitic melts on temperature, pressure

and water content in the high viscosity range.
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2. EXPERIMENTAL AND ANALYTICAL METHODS

The pressure effect on melt viscosity was studied on rhyolitic melts with different
water content. The concentrations of total water and hydrous species in the samples were
determined by FTIR (Fourier transform infrared spectroscopy) at the University of
Michigan following the procedure shown in Zhang et al. (1997a). There are a few other
calibration methods in the literature (e.g., Newman et al., 1986; Withers and Behrens,
1999). The reason to use the calibration of Zhang et al. (1997a) here is to be consistent
with the speciation study in Hui et al. (2008) because their study is used to calculate the
apparent equilibrium temperature from concentrations of hydrous species retained in the
quenched glass.

Starting materials include both natural rhyolitic glasses (EDF and KS) and
synthetic hydrous rhyolitic glasses prepared by hydration of natural rhyolitic glass
(GMR). Sample EDF is from Erevan Dry Fountain, Armenia. Sample KS is from Mono
Crater, California. Samples GMR+2 and GMR+4 were synthesized by adding water to a
natural obsidian (GMR) from Glass Mountain, California. The chemical compositions of
the samples are listed in Table 4.1. Hydration of rhyolitic glasses was implemented at

1473 K, 0.5 GPa by re-melting glass powder with added H,O at University of Hannover

(Hui et al., 2008). The hydrated glasses are crystal free and bubble free.

2.1. HYDROUS SPECIESREACTION VISCOMETER
It is well known that water is present in the silicate melts as at least two species:

molecular H;O (H,O.,) and hydroxyl group (OH) (Stolper, 1982a,b). The species

reaction in the melts is
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Table 4.1 Chemical compositions (oxide wt%) of KS, GMR and EDF rhyolite on
anhydrous basis

KS GMR EDF
SiO, | 75.94 73.22 76.78
TiO, 0.09 0.31 0.10
ALO; | 12.98 14.08 12.77
FeO 0.98 1.45 0.52
MnO | 0.05 0.05 0.09
MgO | 0.03 0.26 0.07
CaO 0.56 1.31 0.56
Na,O | 4.01 4.06 4.08
K,0 471 432 4.55
P,0s 0.29 0.07 -
Total | 99.63 99.13 99.67
0.75- 1.89-2.16 in GMR+2;

MO 1 090 3.54-420in GMR+4 013
ref. 1 2

1. Hui et al., 2008; 2. Behrens et al., 2007.
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H;0,, + O =20H, (1)
where O is anhydrous bridging oxygen in the melt. Total H>O content is denoted as H,Oy.
The equilibrium constant K of Reaction (1) is defined as
X on

Xgo X

2%m

K= , (2)

o
where X means activity approximated by mole fraction. The relationship between
equilibrium constant K and temperature (equilibrium line in Fig. 4.1) can be expressed by
a regular solution model as (Silver et al., 1990; Ihinger et al., 1999):

InK =A+ @(B +CXyy0, + DXon ) (3)

where T is temperature in K, and A, B, C and D are fitting parameters. Hui et al. (2008)
estimated these parameters for rhyolitic melts at high pressures. During cooling, at a
certain low temperature, the concentrations of these two hydrous species in the melt start
to deviate from the equilibrium state; In Fig. 4.1, this is shown as curves off the straight
line (the equilibrium line). When temperature becomes too low to change species
concentrations, water speciation is frozen in the melt as indicated by the horizontal
segments in Fig. 4.1. The intersection of each horizontal line, which is calculated from
the hydrous species concentrations retained in the quenched glass, with the equilibrium
line defines the apparent equilibrium temperature (Zhang, 1994). An equilibrated melt at
this temperature has the same water speciation as observed in the quenched glass at room
temperature. This apparent equilibrium temperature depends on the cooling rate shown in
Fig. 4.1. A higher apparent equilibrium temperature indicates a faster cooling rate.

Glass transition temperature is defined rheologically as the temperature at which

viscosity is equal to 10! Pa-s for a cooling rate of the order 10 K/min. As the cooling rate
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rapid quench

isothermal run, rapid quench

InK

slow quench

equilibrium

Tae 1

Te : Tae2
1T (K)

Fig. 4.1 Sketch of kinetics of Reaction (1) during cooling (Behrens and Nowak, 2003).
T, 1s apparent equilibrium temperature, which depends on the cooling rate. T, is

equilibrium temperature.
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varies, the glass transition temperature also changes. Based on theoretical considerations
and experimental results, Moynihan et al. (1976) showed the formula of dependence of

the glass transition temperature on the cooling rate:

dlogg = AH
d(/T,) R

; “4)

where ( is quench rate in K/s, Ty is glass transition temperature in K, R is the gas

constant, and AH 1is the activation enthalpy for the relaxation times controlling the
structural enthalpy or volume relaxation, which is also equal to the activation enthalpy of
the shear viscosity within experimental error. Scherer (1984) generalized that viscosity is
reciprocal to the quench rate at the glass transition temperature. Dingwell and Webb
(1990) advanced it further to infer viscosity from kinetics of hydrous species reaction
(i.e., Reaction 1) in the rhyolitic melt assuming the equivalence of the apparent
equilibrium temperature and glass transition temperature (i.e., time scale of Reaction 1 in
rhyolitic melt is the same as the structural relaxation time scale of rhyolitic melt because
both involve bridging oxygen in the melt structure of rhyolite.). By comparing kinetic
data on Reaction (1) and viscosity data obtained by other methods (including from bubble
growth data of Liu et al., 2000), Zhang et al. (2003) formulated the equation below to
infer viscosity at the glass transition temperature (i.e., apparent equilibrium temperature)

for hydrous rhyolitic melts:
log = logrn; =11.45-logq, )
where m is viscosity in Pa-s,  is quench rate in K/s and 11.45 is a constant. Other

experimental studies have verified the equivalence of relaxation at the glass transition

temperature on viscosity, volume and heat capacity (e.g., Sipp et al., 1999; Toplis et al.,
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2000). So, the key in this method is to calculate the apparent equilibrium temperature for
a cooling experiment with known quench rate, whereas viscosity at this temperature is
calculated from Eq. (5).

All the cooling experiments were conducted in a piston cylinder. A glass cylinder
with a diameter of about 2 mm and a height of about 2 mm was placed into a graphite
capsule, which was enclosed in crushable MgO as the inner pressure medium, with
graphite heater outside and then BaCOj cell as outer pressure medium. The charge was
heated to a high temperature for melt relaxation and for hydrous species in the melt to
reach equilibrium. Then, the sample was isobarically cooled at a desired cooling rate to
room temperature. The temperature was measured with a type-S (PtygRho-Pt) or type-D
(Wy7Re3-W7sReps) thermocouple. The temperature history was recorded either by
computer or manually. Pressure in the piston cylinder was calibrated using quartz-coesite
phase transition and melting of a gold wire (Hui et al., 2008). The pressure of cooling
experiments ranges from 0.94 GPa (nominal pressure of 1 GPa) to 2.83 GPa (nominal
pressure of 3 GPa). Infrared spectra of the quenched glass were obtained using a Perkin-
Elmer FTIR spectrometer. The baseline of IR spectra was fit by a flexicurve (Newman et
al., 1986). The concentrations of hydrous species and total water content were obtained
using the calibration of Zhang et al. (1997a). The apparent equilibrium temperature was
calculated from the hydrous species concentrations measured in the quenched glass using
Egs. (2) and (3) with parameters listed in Hui et al. (2008). With the recorded cooling

rate, viscosity was inferred from Eq. (5) at the apparent equilibrium temperature. The 2c

error for viscosity inferred from this method is estimated to be 0.2 in terms of logn

(Zhang et al., 2003).
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In addition to the experiments in piston-cylinders at pressures below 3 GPa, some
experiments at pressures above 3 GPa were also carried out in a multi-anvil device at the

University of Michigan. But these experimental charges crystallized.

2.2. PARALLEL-PLATE VISCOMETER

The parallel-plate creep viscometer in an IHPV was also used to measure
viscosity of rhyolitic melts near glass transition temperature. Melt viscosity was derived
from the rate of deformation of a cylindrical sample with a diameter of 3.8 mm and a
height of 10 mm as a function of a constant vertically applied stress. The design,
operation and calibration of this viscometer are described in detail by Schulze et al.
(1999). The detailed experimental procedure is explained in Behrens and Schulze (2003).
This technique can measure viscosity of the same cylinder in high viscosity range
covering three orders of magnitude from 108-5 to 10!1-5 Pa-s at pressures up to 0.4 GPa by
pumping in Ar (pressure media) or releasing it. Effect of dehydration of the sample on the
viscosity measurements was monitored by repeated viscosity measurements at the same
P-T conditions during the whole experimental course; and water content in the sample
was also checked after the experiment by infrared spectroscopy.

To mitigate the effect of dehydration of the samples during measurement, only the
samples with low water content was used in this method, including sample EDF with
0.13 wt% H,Oq, and sample KS with 0.79 wt% H,O;. For sample EDF, viscosity was
measured at different pressures in the order of 0.2, 0.4, and 0.2 GPa. As shown in Table
4.2 and Fig. 4.2, the viscosity values at the first and last 0.2 GPa are in good agreement

with difference within £0.1 log units, indicating that there was no significant water loss
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or gain during viscosity measurement. Temperature was corrected based on the melting
point of aluminum at 0.2 GPa (Lees and Williamson, 1965). For sample KS, dehydration
was discovered in a test run. Hence, only viscosity at 0.4 GPa was measured without
cycling back and forth to minimize the duration of the sample at high temperatures.
Temperature in this measurement was corrected based on the melting point of zinc at 0.4
GPa (Akella et al., 1973). Both samples were checked for water content by FTIR after
isobaric quench of the experimental charge. Water loss or gain was negligible in both
viscosity measurement courses. After experiments, both samples were still in good
cylinder shapes, indicating negligible temperature gradient and regular deformation
during creep experiments. The reproducibility of viscosities is always within £0.15 log
units (Behrens and Schulze, 2003). However, within one series of experiments, the

precision is much better (within £0.1 log units in this study).

3. EXPERIMENTAL RESULTS

Experimental results from the hydrous species reaction viscometer are
summarized in Table 4.3. Original IR absorbance peak heights are also reported because
there may be further improvement in the IR calibration. Viscosity is plotted as a function
of 1000/T at different pressures in Fig. 4.2. Within the small temperature range of
viscosity measurements, temperature dependence of viscosity of rhyolitic melts at each

pressure can be described by the Arrhenius relationship:

E
- .e a R 6
=1, XP(RT) (6)

where 1 is the pre-exponential factor and E, is the activation energy for viscous flow,
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Table 4.2 Results of parallel plate creep viscometer with sample EDF at pressures of 0.2
and 0.4 GPa and sample KS at 0.4 GPa.

EDF KS
0.2 GPa 0.4 GPa 0.4 GPa

T logn exp.# T logn exp.# T logn exp.*

K Pa-s K Pa-s K Pa-s
1038.15 1142 12 1028.15 11.19 11 848.15 11.51 1
1048.15 11.28 1 1038.15 11.03 6 856.15 11.35 6
1048.15 11.21 13 1038.15 11.01 10 867.15 11.14 5
1067.15 10.83 2 1058.15 10.78 7 886.15 10.60 2
1067.15 10.74 5 1088.15 10.25 8 907.15 1030 3
1088.15 10.52 14 1118.15 9.80 9 925.15 10.02 4

1087.15 10.47 3
1118.15 9.97 4

Note: # means the chronological order of the measurements.
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Fig. 4.2 Dependence of viscosities of rhyolitic melts (EDF, KS, GMR+2 and GMR+4) on
temperature at pressures of 0.4, 0.94, 1.89 and 2.83 GPa. All the data are from this study:
A is for parallel plate creep viscometer, and B-D are from hydrous species reaction
viscometer. Straight lines are fit of the data by Arrhenius equation (i.e., Eq. 6).
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Table 4.3 Viscosity of hydrous rhyolitic melts at various pressures inferred from hydrous species reactions.

Measurement”  P$ * Abs. Abs.  Thickness H,O; H,O, OH X(H,0) X(H;0,) X(OH) Tae logn

GPa K/s 5200 4500 mm wt%  wt%  wt% K Pa-s
KS-1-2.1 0.94 9.56 0.0448 0.1608 1.124 0.846 0.170 0.677 0.0152 0.0030 0.0242  906.03 10.47
KS-1-2.2 0.94 9.56 0.0447 0.1604 1.118 0.849 0.170 0.679 0.0152 0.0030 0.0243 907.11 10.47
KS-1-2.3 0.94 9.56 0.0441 0.1610 1.126 0.843 0.167 0.677 0.0151 0.0030 0.0242 911.23 1047
KS-1-3.1 0.94 0.99 0.0557 0.1717 1.195 0.877 0.198 0.678 0.0157 0.0036  0.0243 862.61 11.45
KS-1-3.2 0.94 0.99 0.0539 0.1689 1.190 0.862 0.193 0.669 0.0154 0.0034 0.0240 863.08 11.45
KS-1-3.3 0.94 0.99 0.0585 0.1748 1.198 0.898 0.208 0.690 0.0161 0.0037 0.0247 859.79 11.45
KS-1-4.1 0.94 0.10 0.0649 0.1883 1.373 0.843 0.201 0.642 0.0151 0.0036  0.0230  829.61 1245
KS-1-4.2 0.94 0.10 0.0626 0.1857 1.370 0.829 0.194 0.634 0.0148 0.0035 0.0227  831.31 1245
KS-1-4.3 0.94 0.10 0.0646 0.1883 1.371 0.844 0.200 0.643 0.0151 0.0036  0.0231 83140 1245
KS-1-5.1 094 9233 0.0432 0.1720 1.163 0.862 0.158 0.704 0.0154 0.0028  0.0252 95499 948
KS-1-5.2 094 9233 0.0432 0.1700 1.150 0.864 0.160 0.704 0.0155 0.0029  0.0252 951.13 948
KS-1-5.3 094 9233 0.0435 0.1708 1.164 0.857 0.159 0.698 0.0153 0.0028  0.0250  946.06 9.48

GMR+2-1-1.1 0.94 9.50 0.1720 0.2272 0.990 1.886 0.747 1.140 0.0335  0.0133  0.0405  808.08 10.47
GMR+2-1-1.2  0.94 9.50 0.1709 0.2268 0.987 1.886 0.744 1.142 0.0335  0.0132 0.0406  809.82 10.47
GMR+2-1-1.3  0.94 9.50 0.1729 0.2275 0.991 1.890 0.750 1.140 0.0336  0.0133  0.0405 807.37 10.47
GMR+2-1-2.1 0.94 1.00  0.1729 0.2048 0.911 1.920 0.816 1.104 0.0341 0.0145 0.0392 774.82 11.45
GMR+2-1-2.2  0.94 1.00 0.1750 0.2064 0.910 1.942 0.827 1.115 0.0345  0.0147 0.0396 776.83 11.45
GMR+2-1-2.3  0.94 1.00 0.1712 0.2030 0.909 1.905 0.810 1.096 0.0338  0.0144 0.0389 773.10 11.45
GMR+2-1-3.1 0.94 0.10 0.1105 0.1131 0.502 2.041 0.947 1.094 0.0362 0.0168 0.0388  743.24 1245
GMR+2-1-3.2  0.94 0.10 0.1089 0.1118 0.498 2.031 0.941 1.090 0.0360  0.0167 0.0387 742.89 1245
GMR+2-1-3.3  0.94 0.10 0.1097 0.1123 0.504 2.017 0937 1.080 0.0358  0.0166 0.0383  740.02 12.45
GMR+4-1-2.1 0.94 9.68 0.2159 0.1114 0.356 4.116 2.667 1.449 0.0719  0.0466 0.0506  701.15 10.46
GMR+4-1-2.2 0.94 9.68 0.2137 0.1107 0.351 4.141 2.678 1.462 0.0723 0.0467 0.0511  704.00 10.46
GMR+4-1-2.3  0.94 9.68 02152 0.1107 0.356 4.094 2.657 1437 0.0715  0.0464 0.0502 698.69 10.46
GMR+4-1-3.1 094 76.87 0.1467 0.0859 0.268 3937 2403 1534 0.0688  0.0420 0.0536  733.94  9.56
GMR+4-1-32 094 76.87 0.1540 0.0901 0.282 3925 2397 1529 0.0686  0.0419 0.0534 733.01 9.56
GMR+4-1-3.3 094 76.87 0.1548 0.0885 0.276 3989 2463 1526 0.0697  0.0430 0.0533 72897  9.56
GMR+4-1-4.1 0.94 1.00 0.1509 0.0789 0.271 3.779 2440 1339 0.0661 0.0427  0.0469  684.09 11.45
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0.1595
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0.2008
0.2032
0.1539
0.1526
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0.4415
0.4356
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0.3797
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0.0779
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0.1851
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0.1203
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0.2573
0.2581
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0.859
0.856
0.849
0.870
0.870
0.860
0.997
0.989
0.997
0.831
0.825
0.825
0.797
0.796
0.797
0.465
0.457
0.473
0.677
0.677
0.680
1.408
1.408

3.815
3.711
0.871
0.832
0.898
0.844
0.890
0.895
0.871
0.867
0.875
0.855
0.849
2.071
2.052
2.097
2.147
2.123
2.129
2.142
2.144
2.158
3.997
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4.002
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4.005
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1.282
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1.347
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1.564
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1.698
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1.650
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0.0381
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0.0433
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0.0029
0.0027
0.0024
0.0027
0.0030
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0.0034
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0.0140
0.0139
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0.0155
0.0156
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0.0253
0.0246
0.0241
0.0239
0.0455
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KS-3-1.3 2.86 1.00 0.0489 0.2064 1.407 0.846 0.148 0.698 0.0152 0.0027  0.0250 916.67 11.45

KS-3-2.1 2.83 0.99 0.0534 0.2252 1.535 0.846 0.148 0.698 0.0152  0.0027  0.0250 916.66 11.45
KS-3-2.2 2.83 0.99 0.0538 0.2256 1.533 0.850 0.149 0.701 0.0152  0.0027 0.0251 915.89 11.45
KS-3-2.3 2.83 0.99 0.0563 0.2289 1.530 0.871 0.157 0.714 0.0156  0.0028  0.0256  912.06 11.45
KS-3-9.1 2.83 0.10 0.0479 0.1785 1.221 0.861 0.167 0.694 0.0154  0.0030 0.0249 865.65 12.45
KS-3-9.2 2.83 0.10 0.0490 0.1803 1.225 0.870 0.170 0.700 0.0156  0.0030 0.0251 864.01 12.45
KS-3-9.3 2.83 0.10 0.0472 0.1765 1.218 0.852 0.165 0.687 0.0153 0.0030 0.0246  862.42 12.45
KS-3-8.1 2.83 9.56 0.0546 0.2581 1.760 0.831 0.132 0.699 0.0149  0.0024  0.0251 968.21 10.47
KS-3-8.2 2.83 9.56 0.0638 0.2732 1.756 0903 0.155 0.748 0.0162  0.0028 0.0268  957.34 10.47
KS-3-8.3 2.83 9.56 0.0628 0.2723 1.757 0.897 0.152 0.744 0.0161 0.0027  0.0267 960.32 10.47
KS-3-11.1 2.83 111.66 0.0332 0.1907 1.389 0.751 0.102 0.649 0.0135  0.0018 0.0233 1021.91 9.40

KS-3-11.2 2.83 111.66 0.0335 0.1925 1.395 0.755 0.102 0.653 0.0135  0.0018 0.0234 1026.81 9.40
KS-3-11.3 2.83 111.66 0.0335 0.1929 1.395 0.757 0.102 0.655 0.0136  0.0018  0.0235 1029.21 9.40
KS-3-11.4 2.83 111.66 0.0336 0.1925 1.392 0.757 0.103 0.655 0.0136  0.0018  0.0235 1026.15  9.40
GMR+2-3-2.1 2.83 9.07 0.1210 0.2070 0.823 1.925 0.632 1293 0.0342  0.0112 0.0459 851.32 10.49
GMR+2-3-2.2 2.83 9.07 0.1260 0.2089 0.818 1.977 0.662 1.315 0.0351 0.0118 0.0467 848.23 10.49
GMR+2-3-23 2.83 9.07 0.1263 0.2093 0.823 1.968 0.660 1308 0.0349  0.0117 0.0464  845.58 10.49
GMR+2-3-3.1 2.83 1.00 0.1726 0.2538 1.004 2.030 0.740 1.290 0.0360  0.0131 0.0458 80291 1145
GMR+2-3-3.2 2.83 1.00 0.1740 0.2539 1.004 2.035 0.746 1.289 0.0361 0.0132  0.0458  800.63 11.45
GMR+2-3-3.3 2.83 1.00 0.1664 0.2503 1.004 1.983 0.713 1270 0.0352  0.0127 0.0451 803.50 11.45
GMR+2-3-4.1 2.83 10430 0.0852 0.1523 0.594 1.944 0.617 1327 0.0345  0.0110 0.0471 878.19 9.43
GMR+2-3-42 2.83 10430 0.0849 0.1485 0.572 1.984 0.638 1346 0.0352  0.0113  0.0478 876.98 9.43
GMR+2-3-43 2.83 10430 0.0823 0.1449 0.558 1.981 0.634 1347 0.0352  0.0113 0.0478 879.44 9.43
GMR+4-3-4.1 2.83 1.00 0.2215 0.1709 0.518 3540 1.869 1.671 0.0621 0.0328 0.0586  739.53 11.45
GMR+4-3-42 2.83 1.00 0.2256 0.1729 0.516 3.614 1913 1.702 0.0633 0.0335  0.0597 744.70 11.45
GMR+4-3-43 2.83 1.00 0.2210 0.1673 0.503 3.605 1922 1.683 0.0632  0.0337 0.0590 73843 11.45
GMR+4-3-5.1 2.83 107.00 0.1838 0.1477 0.417 3766 1931 1.835 0.0659  0.0338 0.0642  781.53 9.42
GMR+4-3-52 2.83 107.00 0.1812 0.1464 0.410 3.793 1938 1.855 0.0664  0.0339 0.0649 78693 9.42
GMR+4-3-53 2.83 107.00 0.1873 0.1509 0.422 3.803 1.946 1.857 0.0666  0.0341 0.0650  786.73  9.42

Note: # A few points (two to four) were measured by IR for each experimental sample; they are listed here as xxx.1, .2, .3 or .4.
$ P has been corrected based on pressure calibration.
*  was calculated from the thermal history recorded by computer or manually.




which depends on water content of the sample and experimental pressure. Viscosity of
rhyolitic melts decreases with increasing water content systematically at a given pressure
and temperature as shown in Fig. 4.2.

Viscosities of samples EDF and KS obtained from the parallel plate creep
viscometer are listed in Table 4.2 including chronological order of measurements and
shown in Figs. 4.3a and 4.3b. Temperature dependence of viscosity of each sample at
each pressure can also be described by the Arrhenius relationship (i.e., Eq. 6) within the
small temperature range of measurements.

The pressure dependence of viscosity is more complicated. For the “dry” sample
(EDF), viscosity does not change significantly from 0.1 MPa to 0.2 GPa. From 0.2 to 0.4
GPa, the viscosity of sample EDF decreases by about 0.2 log units. For hydrous samples
with 0.8 and 2 wt% H>O; (KS and GMR+2), viscosity increases monotonically by about
1 log unit as pressure increases from 0.1 MPa to 2.8 GPa. For hydrous sample with about
4 wt% Hy0¢ (GMR+4), viscosity first decreases as pressure increases from 0.1 MPa to
0.9 GPa, and then increases from 0.9 to 2.8 GPa.

At the experimental petrology laboratory of the University of Michigan, a large
database has been accumulated on successful versus failed experiments in the diffusion,
reaction kinetics, and viscosity studies of silicate melts (Zhang et al., 1997b, 2000; Liu
and Zhang, 2000; Zhang and Behrens, 2000; Behrens and Zhang, 2001; Xu and Zhang,
2002; Behrens et al., 2004; Liu et al., 2004a,b, 2005; Hui et al., 2008; Ni and Zhang,
2008). Most of the failed experiments crystallized significantly. Because these results
may be relevant to the discussion of viscosity (see Discussion), they are summarized in

Appendix D. The data show:
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Fig. 4.3 Comparisons of viscosities of given rhyolitic melts (EDF, KS, GMR+2 and
GMR+4) at various pressures. Data are from this study. Straight lines are fit of the data
by Arrhenius equation (i.e., Eq. 6). Viscosities of various rhyolitic melts at 0.0001 GPa
were calculated from Zhang et al. (2003) as references.
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(1) It is more difficult to quench an overheated liquid into glass at high pressures than at
low pressures because of crystallization during quench at high pressures. For example, a
hydrous rhyolite melt containing 5.2 wt% H,O; quenched from 1873 K at 2 GPa (sample
# 239 in Appendix D) did not crystallize, but a hydrous rhyolite sample containing only
0.9 wt% H,O; quenched from 1873 K at 4 GPa (sample # 240 in Appendix D)
crystallized significantly.
(2) Melts in the isothermal experiments at a temperature below the liquidus often
crystallize more easily at high pressures than at low pressures (Hui et al., 2008). For
example, a hydrous rhyolitic glass (0.9 wt% H,Oy) held at 823 K and 3 GPa for 10 days
(sample # 56 in Appendix D) did not crystallize significantly, but a similar glass held at
the same temperature but 4 GPa for only 3.1 hours (sample # 57 in Appendix D)
crystallized. For another example, a hydrous rhyolitic glass with 0.77 wt% H;Oy held at
1123 K and 6.1 MPa for 72 hours (sample # 172 in Appendix D) did not crystallize, but
another sample with same amount of H,O held at 1123 K and 3 GPa for only one minute
(sample # 174 in Appendix D) crystallized significantly.

Fig. 4.4 shows some more trends. The findings indicate that crystallization rate
increases significantly with increasing pressure, meaning crystal nucleation and/or
growth rates in melts increase with increasing pressure in hydrous rhyolitic melts. The

relationship with viscosity will be discussed in the next section.
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Fig. 4.4 The effect of pressure on crystallization kinetics in the rhyolitic melt for (A)
isothermal experiments, and (B) controlled cooling rate experiments. In (B), critical
quench rates for rhyolitic melt with water contents of 0.6, 0.9 and 1.2 wt% are calculated
from Egs. (8) and (9) (see text, Senkov, 2007) and the dashed lines are extrapolations to

show the trends for 0.6 and 1.2 wt% water, respectively.
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4. DISCUSSION

4.1. PRESSURE DEPENDENCE OF VISCOSITY

Viscosities of a variety of silicate liquids in the low viscosity range have been
investigated using the falling sphere technique in high-pressure apparatus, demonstrating
a complex pressure dependence of viscosities (Scarfe et al., 1987; Lange, 1994).
Pressure-induced viscosity change has been related to the degree of polymerization of the
melt in general (Scarfe et al., 1987). Viscosities of anhydrous rhyolite melt (e.g., Scarfe et
al., 1987), jadeite melt (e.g., Kushiro, 1976), dacite melt (e.g., Tinker et al., 2004),
andesite melt (e.g., Kushiro et al., 1976), and some basalt melts (e.g., Scarfe et al., 1987)
decrease with increasing pressure in the first several GPa, whereas those of diopside melt
(e.g., Scarfe et al., 1979) and peridotite melt (Liebske et al., 2005), both highly
depolymerized, increase with increasing pressure.

Water dissolved in the silicate melt can depolymerize the melt by forming
hydroxyl group (Reaction 1). The negative pressure dependence of viscosity of
anhydrous melt may change to positive pressure dependence of viscosity after adding a
certain amount of water, For example, viscosity of anhydrous andesite melt decreases
with pressure (Kushiro et al., 1976), but viscosity of andesite with 3 wt% water increases
with pressure (Kushiro, 1978). Also, the pressure dependence of viscosity of a given melt
may change from positive to negative with further increase of pressure, such as periodite
(Liebske et al., 2005), or from negative to positive, such as albite (Funakoshi, et al.,
2002). In other words, there may be a viscosity maximum or minimum with increasing

pressure.
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In the high viscosity range, only a few studies have been conducted on the
pressure dependence of viscosity of silicate melts in a pressure range up to 0.4 GPa
previously. Viscosity of the albite-diopside binary system shows a change in the sign of
the pressure dependence from negative for albite to positive for diopside (Schulze et al.,
1999; Behrens and Schulze, 2003). The pressure dependence of viscosity of
haploandesite in the high viscosity range changes from negative for anhydrous melt to
positive for hydrous melt with 1.06 wt% water or up (Liebske et al., 2003). This is
consistent with pressure dependence of viscosity of andesite in the low viscosity range in
general (Kushiro et al., 1976; Kushiro, 1978). Moreover, pressure effect on viscosity
becomes more pronounced with decreasing temperature.

Due to experimental limitations, viscosity of sample EDF, which contained minor
amount of water, was measured at pressures < 0.4 GPa. The viscosity decreases with
increasing pressure as shown in Fig. 4.3a in this pressure range. That is, it behaves as a
polymerized melt, as expected. But for the hydrous samples KS and GMR+2 as shown in
Figs. 4.3b and 4.3c, the viscosity increases with increasing pressure based on the new
data. As dissolved H,O depolymerizes the melt, this trend is consistent with literature
data (Kushiro et al., 1976; Kushiro, 1978; Liebske et al., 2003). The viscosities of the
sample GMR+4, which contains about 4 wt% water, increase systematically from 1 GPa
to 3 GPa as shown in Fig. 4.3d. The pressure dependence of viscosity from ambient
pressure to 1 GPa is small and whether the dependence is positive or negative depends on

the temperature.
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4.2. MODELING THE P-T-X DEPENDENCE OF VISCOSITY

There are various models used to describe temperature dependence of viscosity of
anhydrous and hydrous natural silicate melts (e.g., Shaw, 1972; Hui and Zhang, 2007).
The pressure dependence of viscosity has been modeled for some anhydrous melts, such
as peridotite liquid (Liebske et al., 2005), but has not been quantified for hydrous natural
silicate melts because only limited data were available. For example, for hydrous
rhyolitic melt, there are only two data points at pressure > 0.5 GPa (one data point of
AOQ at 1173 K, 1 GPa; and another one at 1173 K, 0.75 GPa, Schulze et al., 1996) in the
low viscosity range. These new data are the first viscosity data at pressures > 1 GPa in the
low-temperature (high viscosity) range. Because data on the pressure dependence of
viscosity of rhyolitic melts in the high temperature range are limited (Schulze et al.,
1996), only the data in the low temperature region are considered in constructing a model
on the dependence of viscosity on temperature, pressure and water content. In this narrow
temperature range, the Arrhenius relationship can describe the temperature dependence of

viscosity. Hence, parameters 1y and E, in Eq. (6) are treated as functions of water content

and pressure to construct a viscosity model. The data used for the model include viscosity
data from this study and literature data in the high viscosity range (Neuville et al., 1993;
Stevenson et al., 1995; Zhang et al., 2003; Zhang and Xu, 2007). Because the precision
of the parallel plate viscometer is much higher, this data set was weighed 10 times more
than other data in the regression. After some trials, the equation below is found to fit the

data well:

109



1 1 1
logn= Lao +a,P 2J + Lbo +b,P 2}{1 - exp&co + CPPZJXJ]
1 1 1 ’
+|| dy +dP2 |+| €y +,P> [ 1—expf| f,+ P2 |X || {10004

where P is pressure in GPa, and X is mole fraction of total water content in the melt on a
single oxygen basis (Stolper, 1982b; Zhang, 1999). The best-fit parameters in Eq. (7)

with 2c errors are: a,=-7.8470 + 0.4972, a, = 1.1472 £ 0.5802, b, = -12.4257 £ 0.9940,
b, = 0.8080 + 0.6278, c, = -3.6440 = 1.6134, c, = -10.1893 + 1.7128, d, = 21.3531 +
0.5706, dp=-2.1722 £ 0.7371, e, = -5.8335 £ 0.7198, e, = 4.0480 £ 0.6801, f, = -89.3887
+ 10.3647, and f, = -30.5499 £ 15.2766. This equation can reproduce the whole database

(206 data points) with 2o of 0.38 in terms of logn. The dependence of viscosity as a
function of OH and molecular H>,O concentrations was also examined at different
pressures, but no simple relation emerged for a large range of water content. Hence, no
species information is included in fitting how viscosity depends on water concentration.
Fig. 4.5 shows a comparison between experimental viscosities and calculated values
using Eq. (7). Although the fit is good, extrapolation of the model beyond experimental
conditions is not recommended. That is, calculated viscosity at high pressures should be
inside the range of 109 to 1012 Pa-s, and T-P-Xy,0, conditions should be within conditions
shown in Fig. 4.6. The calculated pressure dependence of viscosity of rhyolitic melts
with different water contents is shown in Fig. 4.7 and it is in agreement with Figs. 4.3b,
4.3c and 4.3d.

Glass transition temperature is an important rheological parameter of glass and

Eq. (7) can be used to estimate glass transition temperature of rhyolitic melt under high
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Fig. 4.6 P-T-Xy,0, range of all experimental data of the model, i.e., Eq. (7).
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pressure. Fig. 4.8 shows pressure dependence of glass transition temperatures of hydrous
rhyolitic melts containing different water contents calculated from Eq. (7) with a cooling
rate of 0.28 K/s = 16.8 K/min (at n = 1012 Pa-s). The trend of pressure dependence of the

glass transition temperature (Fig. 4.8) is the same as that of viscosity (Fig. 4.7).

4.3. AN APPARENT PARADOX OF THE PRESSURE EFFECT ON VISCOSITY
AND ON GLASS FORMATION

Appendix 4 lists the melt compositions, the experimental conditions and whether
the sample charges crystallized significantly during experiments. Pressure facilitates
crystallization in both isothermal experiments and cooling experiments based on the
results in Appendix 4 as summarized in the Experimental results. That is, as pressure
increases, crystallization is more rapid in isothermal experiments, and it is also more
difficult to quench the same hydrous melt into glass from liquid. One might expect that
the increased easiness of crystallization at high pressures were related to increasing
diffusivity and hence decreasing viscosity with increasing pressure. However, new
viscosity data show that viscosity of hydrous rhyolitic melt increases, rather than
decreases, with increasing pressure. Hence, there is an apparent paradox of increasing
viscosity as well as increased easiness of crystallization with increasing pressure.

Raising the pressure increases the density of the melt and changes the structure of
the melt, which might facilitate crystallization. More importantly, increasing the pressure
raises the liquidus of the melt. Hence, for a supercooled metastable liquid at a given
temperature, the degree of undercooling is larger at higher pressure. That is, the Gibbs

free energy difference between the melt and the crystals, AG,.., increases with pressure.
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The increased easiness of crystallization at isothermal conditions may be partly attributed
to greater AGy,_., although quantification is not available at the moment.

For cooling of a liquid from a temperature above the liquidus, as the pressure
increases, the liquidus is crossed at a higher temperature. That is, crystallization starts at a
higher temperature, where kinetics is more rapid. Furthermore, there is a larger
temperature interval (and hence a larger time interval) for crystallization. Hence, more
crystallization is expected. For this case, the glass-forming ability (that is, the degree of
difficulty of crystallization) has been proposed recently using the concept of fragility
(e.g., Martinez and Angell, 2001; Senkov, 2007). If the temperature dependence of
viscosity is Arrhenian from low to high viscosity (0.01 to 1015 Pa-s), the liquid is said to
be strong. If the temperature dependence of viscosity deviates from Arrhenian behavior
more, the liquid is said to be more fragile. It is easier for strong liquids to quench to
glass. Senkov (2007) defined a dimensionless glass forming ability (GFA) parameter F,
which can be expressed as follows:

_ 2Ty —To)
2Ty —T)+ (T -Ty)’

(8)

Fi

where Ty is the liquidus, T, is the temperature at which the viscosity is 1012 Pa-s, and Ty
(related to fragility) is the temperature in the VFT equation of logn = A + B/(T-Ty).

Senkov (2007) further related the critical cooling rate required for glass formation to the
GFA parameter as follows:

(e = 10(0-54-F1)/0.047 9)
If the cooling rate is above qc, the liquid would be cooled into a glass. Otherwise, there

would be significant crystallization. In order to apply the above approach, Ty as a
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function of H,O; and P was estimated from the MELTS program (Ghiorso and Sack,
1995; Asimow and Ghiorso, 1998), and T, from the viscosity model developed in this
work (i.e., Eq. 7). For Ty at low pressures, the viscosity model of Zhang et al. (2003) is
used, which resulted in Ty of 300+£30 K for H,O; > 0.6 wt%. For viscosities of hydrous
rhyolitic melt at high pressures, there are not enough data in the low-viscosity range to
estimate Ty. Hence, a constant T of 300 K was assumed to roughly estimate F; and .
The critical cooling rate as a function of pressure for a few H,O; contents is plotted in
Fig. 4.4b. It can be seen that the limited experimental data are in agreement with this
approach. Hence, it appears that the paradox of increased easiness of crystallization at
high pressures and increasing viscosity with pressure can be reconciled by the GFA

parameter of Senkov (2007).

5. CONCLUDING REMARKS

Viscosity of hydrous rhyolitic melts containing 0.8 to 4 wt% water was inferred
using the hydrous species reaction viscometer at pressures up to 2.83 GPa. This
represents the first viscosity data at low temperature (high viscosity) and pressures above
1 GPa. Viscosity of rhyolitic melts with 0.13 wt% and 0.8 wt% water was also measured
using the parallel plate creep viscometer at pressures up to 0.4 GPa. No experimental
method is available to determine viscosity of “dry” melt at higher pressures. Combining
the data of this study with literature data, a viscosity model is constructed as a function of
temperature, pressure, and water content in the high viscosity range. The model (i.e., Eq.
7) can be utilized for interpolation within the range of available data (Fig. 4.6), but is not

recommended for extrapolation.
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CHAPTER YV

CONCLUSIONS

The goal of this dissertation is to understand viscosity of natural silicate melts. A
two-pronged approach is used. One is to construct a general viscosity model using
available viscosity data (mostly at pressures below 0.5 GPa) to predict viscosity of all
natural silicate melts in all experimental temperature range at low pressures. The second
is to experimentally investigate viscosity at high pressures and in the low temperature
range (high viscosity range) because such data are lacking. Concerted effort on viscosity
measurements at high pressures will allow an even more general viscosity model
accounting for the effect of composition, temperature, and pressure.

A new empirical viscosity equation for all natural and nearly natural silicate melts
at all experimentally covered temperature conditions is presented in Chapter II using the

following formulation:
B D
logn=A+—+ex (C+—j,
gn T p T

where 1 is viscosity in Pa-s, T is temperature in K, and A, B, C, and D are linear functions
of mole fractions of oxide components except for H,O. The formulation is first applied

successfully to fit the temperature and compositional dependence of viscosity for four

binary systems. Then, a simpler version of the model with eight parameters is found to fit
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the compositional and temperature dependence of the viscosity data of anhydrous natural
silicate melts better than the best model in literature. A general viscosity equation with 37
parameters using this empirical formulation can fit the entire high- and low-temperature
viscosity database (1451 data points) of all “natural” anhydrous and hydrous silicate
melts:

log7=[-6.83Xg, =170.79X 0, ~14.71X 5 —~18.01X 00 =19.76X ¢,

+34.31X 0., —140.38Z +159.26X,, o —8.43X i, 1on0, ]

+[18.14X 0, +248.93X 5 +32.61X 6 +25.96X,0+22.64 X,

—68.29X , 1,0, + 38.84Z —48.55X,, o +16.12Xy, ni0, }000/T +
exp{21.73X 40, —~61.98X g, yimo —~105.53X 00 = 69.92X

—85.67X y 1,0, +332.01Z —432.22X,, 4 = 3.16X 5, r00, ]

216X g0, ~143.05X 10, =22.10X 6 +38.56 X g o +110.83X 0 +67.12X

+58.01X i, 10,0, + 384.77Xp 0, ~404.97Z +513.75X,,,  000/T }

where m is viscosity in Pa-s, T is temperature in K, X;j means mole fraction of oxide
component i, and Z=(Xy,o)/[11(185.797D], Al,03,, or (Na, K),0,, mean excess oxide after
forming (Na, K)AlO,. The 2c deviation of the fit is 0.61 logn units. This general model

can be used to calculate viscosity for modeling magma chamber processes and volcanic
eruptions. It also can be used to calculate glass transition temperature for different silicate
melts.

Temperature and melt composition affect melt viscosity, but pressure can also
affect the viscosity of silicate melt. The pressure dependence of hydrous melt viscosity in
the high viscosity range is not known. Hence the pressure dependence of rhyolitic melts
in the high viscosity range has been investigated in this dissertation (Chapters III and IV).
Hydrous species reaction viscometer in piston cylinder and parallel-plate creep

viscometer in internally heated pressure vessel were used to investigate viscosity under
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high pressure. In order to use hydrous species reaction viscometer under high pressure, it
is necessary to study the speciation of dissolved water in rhyolitic melt under high
pressure first.

The equilibrium of reaction between two dissolved water species (H,Op, and OH)
as a function of pressure (0.0001, 0.94, 1.89 and 2.83 GPa), temperature (624-1027 K),
and H,O concentrations (0.8% to 4.2 wt%) was investigated in this study. The speciation
data with total H>O content < 2.2% can be described by an ideal mixing model, consistent
with previous results. With inclusion of speciation data at higher water contents, one way
to describe the speciation data is a regular solution model. A speciation model was
constructed to accommodate the dependence of H>O speciation in the rhyolitic melts on

T-P-X:
1000 3
InK =(1.8120—0.3832F>)+T (—3.0830+0.2999P+0.0507P2 )+

3 3 ’
(—7.4203+5.0262P —3.1271P2 )Xﬂzom +(3.0437-5.4527P+3.0464P2) X .,y J

where P is pressure in GPa, T is temperature in K and X is mole fraction of species H,Op,
or OH. This formulation can be used to predict species concentrations at P < 2.83 GPa,
total H,O content < 4.2 wt%, and temperature of 624-1027 K. Furthermore, it can be used
to calculate apparent equilibrium temperature, which can then be used to infer viscosity
of hydrous rhyolitic melts under high pressure. The results of Chapter III provide basis
for the study of Chapter I'V.

With the study of the speciation of dissolved water in rhyolitic melt under high
pressure, viscosity of hydrous rhyolitic melts containing 0.8 to 4 wt% water was inferred

using the hydrous species reaction viscometer at pressures up to 2.83 GPa. Viscosity of
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rhyolitic melts with 0.13 wt% and 0.8 wt% water was also measured using the parallel
plate creep viscometer at pressures up to 0.4 GPa, but no experiment method is available
to determine viscosity of “dry” melt at pressures > 0.5 GPa. Combining the data of this
study with previous data, an Arrhenian viscosity model in high viscosity range is

constructed:

1
lognz{—7.8470+1.1472P2J+
1 1
~12.4257 +0.8080P2 || 1 —exp| —3.6440—10.1893P2 |x |+ :

1
[21.3531—2.1722P2]+

1

1 1
—5.8335 + 4.0480P 2]{1 - exp(—89.3887 —30.5499P ZJXJ}OO%

where P is pressure in GPa, and X is mole fraction of total water content in the melt. This
model can be utilized for interpolation, but is not recommended for extrapolation beyond

the range of available data (Figure 4.6 in Chapter IV).
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APPENDIX A

VISCOSITY DATA OF NATURAL SILICATEMELTS

The viscosity data on the following pages are used to fit Eqn. 11 in Chapter II. The reference numbers of all the viscosity data

points is the same as the ones in Table 2.3.

Table A.1 Viscosity database used to fit Eqn. 11.

measured calculated
Si0,  TiO,  ALO; MnO MgO CaO NaO K,O P,0s H,O T logn logn A

# Comp. wt% wth wth wt% = wt%  wt% wt% wt% K Pa‘s ref
1Bn3 4357 297 10.18 0 0 9.17 2607 759 096 0 0.02 1573 0.41 0.02 -039 1
2Bn3 4357 297 10.18 0 0 9.17 2607 759 096 0 0.02 977.4 9.16 917 0.01 1
3Bn3 43.57 297 10.18 0 0 9.17 26.07 759 096 0 0.02 982.9 8.94 9.03 0.09 1
4Bn3 4357 297 10.18 0 0 9.17 2607 759 096 0 0.02 992.7 8.66 877 0.11 1
5Bn3 43,57 297 10.18 0 0 9.17 26.07 759 0.96 0 0.02 886.5 13.7 13.68 -0.02 1
6Bn3 43.57 297 10.18 0 0 9.17 26.07 759 096 0 0.02 892.3 13.4 13.07 -033 1
7Bn3 4357 297 10.18 0 0 917 2607 759 0.96 0 0.02 899.2 12.99 1247 -052 1
8Bn3 43.57 297 10.18 0 0 9.17 26.07 759 096 0 0.02 912.1 12.22 11.6 -0.62 1
9Bn3 43.57 297 10.18 0 0 9.7 2607 759 096 0 0.02 913.6 12.16 11.51 -0.65 1
10Bn3 4357 297 10.18 0 0 917 2607 759 0.96 0 0.02 918.7 11.83 11.24 -0.59 1
11Bn3 43.57 297 10.18 0 0 9.17 26.07 759 096 0 0.02 924.2 11.56 1097 -0.59 1
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= eNeE =Rl =Rl Ne - Nelo e - Nelolo e =2 = =io oMol =]

1.26
1.26
1.35
1.35
1.35
1.35
1.35
1.88
1.88
1.96
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02

841
845.7
794.5
805.1
820.4
828.4
836.2
761.7
802.3
779.4

1413.9
1463.5
1497.5
1513.2
1565
1614.4
1666.2
1718.6
976.3
983.1
986.7
992.1
997.2
1008.1

918
930.7
934.1
946.4
956.7
960.6
967.3
971.2

10.39
10.18
12.33
11.92
11.02
10.76
10.34
12.3
10.72
11.57
1.96
1.65
1.45
1.38
1.13
0.91
0.7
0.5
9.93
9.71
9.57
9.3
9.18
8.73
12.85
12.05
11.86
11.32
10.75
10.61
10.38
10.21

10.42
10.23
12.62
11.95
11.14
10.76
10.43
12.97
10.83
11.75
2.94
2.39
2.03
1.87
1.36
0.91
0.47
0.04
10.52
10.32
10.21
10.06
9.93
9.64
12.94
12.25
12.09
11.56
11.17
11.03
10.8
10.68

0.03
0.05
0.29
0.03
0.12

0.09
0.67
0.11
0.18
0.98
0.74
0.58
0.49
0.23

-0.23
-0.46
0.59
0.61
0.64
0.76
0.75
0.91
0.09
0.2
0.23
0.24
0.42
0.42
0.42
0.47
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eel

76Te2
77Te2
78 Te2
79Te2
80Te2
81Te2
82Te2
83 Te2
84 Te2
85Te2
86Te2
87Te2
88 Te2
89Te2
90 Te2
91Te2
92Te2
93 Te2
94 Te2
95Te2
96 Te2
97Te2
98 Te2
99Te2
100 Te2
101 Te2
102 Te2
103 Te2
104 Te2
105Te2
106 Te2
107 Te2

50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56
50.56

2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35

14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03
14.03

= eNeoBeole e ool ==l lelBoNole e e ool e e =R ol e e - Roll o -]

= eNeE =Nl leoleE-Reolleo e o= ol e e =Nl e =N ol o e -l = =N

8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79
8.79

15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04
7.04

3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01

S OO OO OO OO OO OO OO OO OO OO0 o000 o o000

0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.52
0.52
0.52
0.52
0.88
0.88
0.88
0.88
0.88
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
1.36
1.36
1.36
1.36

1.6

1.6

1.6
227

905
915.6
926.5
937.4
947.8
958.9
968.4
868.4
878.5
889.8

899
834.2

844
855.5
866.5
876.1
830.4
841.6
851.8
862.1
869.5
882.8
893.5

918

822

832
836.6
847.5
825.5

816

847

818

12.7
12.01
11.77

11.2
10.67
10.23

9.87
12.49
11.97
11.57
10.99
12.38
11.78
11.58
11.21
10.77
12.39
12.15
11.63
11.43
10.49
10.41

9.95

8.92
12.51
11.89
11.41
11.12
11.31
12.13
10.91
10.79

12.72
12.18
11.69
11.26

10.9
10.54
10.25
12.38
11.93
11.48
11.14
12.58
12.16
11.71

11.3
10.97
12.62
12.14
11.74
11.36

11.1
10.65
10.32

9.61
11.79
11.44
11.28
10.91
11.21
11.53
10.52
10.46

0.02
0.17
-0.08
0.06
0.23
0.31
0.38
-0.11
-0.04
-0.09
0.15
0.2
0.38
0.13
0.09
0.2
0.23
-0.01
0.11
-0.07
0.61
0.24
0.37
0.69
-0.72
-0.45
-0.13
-0.21
-0.1
-0.6
-0.39
-0.33
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vel

108 Te2
109 Ph4
110Ph4
111Ph4
112Ph4
113Ph4
114Ph4
115Ph4
116 Ph4
117Ph4
118 Ph4
119Ph4
120 Ph4
121 Ph4
122 Ph4
123 Ph4
124 Ph4
125Ph4
126 Ph4
127 Ph4
128 Ph4
129 Ph4
130Ph4
131Ph4
132 Ph4
133 Ph4
134Ph4
135Ph4
136 Ph4
137Ph4
138 Ph4
139Ph4

50.56
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82

2.35
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79

14.03
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42

= eNeE=NelloNeol-l« - E=R=-alleleE-Naollo e e N ao e e =R =l o e -l =l =N

= elel =Rl leole - ==l leleleole e =Rello e el el e e =2 = =]

8.79
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87

15
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35

7.04
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31

3.01
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44

= eel =Rl lele e =R=-helolBelBeol-e e =Rl llela ol e e -2 = =]

2.27
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
1.46
1.46
1.46
1.46
1.46
1.52
1.52
1.52
1.52
2.15
2.15

782.7
1815.5
1766
1721.9
1669.4
1617.4
9733
990
1005.1
1015.2
1026.8
1034.8
1046.4
889.2
898.2
911
920
932.2
941.5
952.3
962.5
730.8
740.6
750.1
761.7
782.3
730.3
741
761.7
780.9
676.4
683.5

12.6
1.92
2.12
2.33
2.57
2.86
10.39
9.97
9.62
9.38
9.15
8.97
8.66
13.12
12.71
12.25
11.96
11.55
11.29
10.94
10.67
12.02
11.54
11.21
10.91
10.31
12.03
11.79
10.92
10.4
12.34
11.97

11.58
1.5
1.76
2.01
233
2.66
10.04
9.7
94
9.21

8.86

8.66
12.06
11.81
11.48
11.25
10.95
10.74
10.49
10.27
11.47
11.21
10.96
10.67
10.17
11.39

11.1
10.57
10.11
12.01
11.79

-1.02
-0.42
-0.36
-0.32
-0.24

-0.2
-0.35
-0.27
-0.22
-0.17
-0.15
-0.11

-1.06

-0.9
-0.77
-0.71

-0.6
-0.55
-0.45

-0.4
-0.55
-0.33
-0.25
-0.24
-0.14
-0.64
-0.69
-0.35
-0.29
-0.33
-0.18
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Sel

140 Ph4
141 Ph4
142 Ph4
143 Ph4
144 Ph4
145Ph4
146 Ph4
147Ph4
148 Ph4
149 Ph4
150 Ph4
151 Ph4
152 Ph4
153 Ph4
154 Tr6
155Tr6
156 Tr6
157 Tr6
158 Tr6
159Tr6
160 Tr6
161 Tr6
162 Tr6
163 Tr6
164 Tr6
165 Tr6
166 Tr6
167 Tr6
168 Tr6
169 Tr6
170 Tr6
171 Tr6

58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
58.82
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45

0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
19.42
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71

S OO OO O OO OO O OO OO OO OO0 o o000
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1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
1.87
2.92
292
292
2.92
292
2.92
292
292
2.92
2.92
292
2.92
292
2.92
292
292
2.92
292

2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
2.35
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36

9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
9.31
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7

7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
7.44
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
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2.15
2.15
2.15
2.15
2.15
2.15
2.83
2.83
2.83
2.83
2.83
2.83
4.72
4.72
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02

691.4
702.6
717.6
727.9
738.1
747.9
654.1
664
675.1
685.9
704.3
716.4
587
601.3
1827.7
1776.5
1725.8
1677.8
1628.5
1578
1531.7
973.3
981.8
994.2
998.4
999.2
1014.6
1036.1
1045
1057.2
1065.8
1082.6

11.67
11.39
10.89
10.53
10.22
10.05
12.14
11.76
11.37
10.9
10.35
9.96
12.37
11.77
1.86
2.09
2.32
2.56
2.83
3.12
341
11.96
11.67
11.23
11.14
11.09
10.59
10.04
9.82
9.53
9.34
8.99

11.55
11.23
10.81
10.53
10.27
10.03
11.83
11.52
11.18
10.86
10.35
10.03
12.21
11.68
1.42
1.73
2.05
2.38
2.73
3.12
35
12.43
12.12
11.7
11.56
11.53
11.06
10.46
10.23
9.93
9.73
9.35

-0.12
-0.16
-0.08

0.05
-0.02
-0.31
-0.24
-0.19
-0.04

0.07
-0.16
-0.09
-0.44
-0.36
-0.27
-0.18

-0.1

0.09
0.47
0.45
0.47
0.42
0.44
0.47
0.42
0.41

0.4
0.39
0.36
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9¢l

172 Tr6
173 Tr6
174 Tr6
175Tr6
176 Tr6
177Tr6
178 Tr6
179Tr6
180Tr6
181 Tr6
182Tr6
183 Tr6
184 Tr6
185Tr6
186 Tr6
187 Tr6
188 Tr6
189Tr6
190 Tr6
191 Tr6
192 Tr6
193 Tr6
194 Tr6
195Tr6
196 Tr6
197 Tr6
198 Tr6
199Tr6
200Tr6
201 Tr6
202 Tr6
203 Tr6

64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45
64.45

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71
16.71

= elBeoE=le e ool = =Rl leoRoc oo e =Nl e ool e e - Rell o ]
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2.92
2.92
2.92
2.92
2.92
2.92
2.92
292
292
292
292
292
292
292
2.92
292
292
2.92
292
292
292
292
2.92
2.92
292
2.92
292
2.92
292
292
2.92
2.92

5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36
5.36

6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7
6.7

3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
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0.02
0.02
0.02
0.02
0.02
0.02
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.83
0.83
0.83
0.83
0.83
0.83
0.83
0.83
0.83
1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19

1092
1103.1
1113.7
1928.7
1879.6

951.1
879.2
889.5
909.9
930.9
942.2
957.9
965.9
979.3
989.3
832.4
836.2
837.1
842.6
847.2
858.2
869.8
879.3
889.9
794.4
799.8
804.8
812.1
820.7
828.6
839.3
846.6

8.81
8.58
8.37
1.46
1.64
12.77
12.16
11.78
11.14
10.5
10.24
9.85
9.6
9.31
9.08
12.2
12.08
11.99
11.83
11.73
11.42
11.04
10.8
10.49
12.21
12.01
11.86
11.66
11.37
11.15
10.9
10.66

9.15
8.92
8.71
0.86
1.13
13.31
11.75
11.5
11.02
10.54
10.29
9.95
9.78
9.51
9.3
12.02
11.93
11.91
11.78
11.67
11.41
11.15
10.93
10.7
12.09
11.95
11.83
11.65
11.44
11.26
11.01
10.84

0.34
0.34
0.34
-0.6
-0.51
0.54
-0.41
-0.28
-0.12
0.04
0.05
0.1
0.18
0.2
0.22
-0.18
-0.15
-0.08
-0.05
-0.06
-0.01
0.11
0.13
0.21
-0.12
-0.06
-0.03
-0.01
0.07
0.11
0.11
0.18
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LET
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3.42
3.26
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2.55
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3.44
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1842.5
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1645.6

1621
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19.22
19.22
19.22
19.22
19.22
19.22
19.22
19.22
19.22
19.22

17.1

3.37
3.37
3.37
337
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37
3.37

2.9

0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.13

0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.24

2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
2.11
1.82

5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.28
5.67

6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.82

0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
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0.81
0.81
0.81
0.81
0.81
1.54
1.54
1.54
2.01
2.01
2.01
2.96
2.96
341
341
341
0.02

1670.2
1646.2
1621.2
1596.2
1572.2
1547.2
1522.2
1498.2
1473.2
1449.2
1134.2
1109.2
1076.2
1056.2
835.15
842.15
852.15
868.15
869.15
877.15
802.15
819.15
826.15
781.15
779.15
811.15
732.15
740.15
691.15
715.15
730.15
1768.7

2.92
3.08
3.24
34
3.58
3.76
3.94
4.14
4.34
4.54
9.32
9.84
10.44
10.83
11.12
10.94
10.75
10.44
10.3
10.09
10.86
10.36
10.14
10.52
10.44
9.94
10.76
10.27
11.28
10.45
9.88
2.5

3.1
3.27
3.44
3.63
3.81

4.2
4.4
4.62
4.83
8.57
8.98
9.54
9.91
11.22
11.07
10.86
10.52
10.5
10.34
10.65
10.27
10.11
10.48
10.53
9.8
10.58
10.38
11.23
10.57
10.18
245

0.18
0.19
0.2
0.23
0.23
0.24
0.26
0.26
0.28
0.29
-0.75
-0.86
-0.9
-0.92
0.1
0.13
0.11
0.08
0.2
0.25
-0.21
-0.09
-0.03
-0.04
0.09
-0.14
-0.18
0.11
-0.05
0.12
0.3
-0.05

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20



8S1

876 Tr4
877Trd
878 Trd
879 Tr4
880Tr4
881Tr4
882 Tr4
883 Tr4
884 Tr4
885Trd
886 Tr4
887 Tr4
888 Tr4
889 Tr4
890 Tr4
891 Tr4
892Tr4
893 Tr4
894 Tr4
895Tr4
896 Tr4
897Tr4
898 Tr4
899 Tr4
900Tr4
901Tr4
902 Tr4
903 Tr4
904 Tr4
905Tr4
906 Tr4
907 Al

63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
63.88
58.56

0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.64

17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
17.1
18.98

29
2.9
29
2.9
29
29
2.9
29
2.9
2.9
29
2.9
29
29
2.9
29
2.9
2.9
29
2.9
29
29
2.9
29
2.9
2.9
29
2.9
2.9
29
2.9
7.45

0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13

0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
3.48

1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
1.82
6.17

5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
3.24

6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
0.92

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

1744
1719.4
1694.8
1670.2
1645.6

1621
1596.4
1571.8
1547.2
1522.6
1497.9
1473.3
1448.7

1017
979.25

1090
1042.5

958.6
839.15
848.15
862.15
870.15
788.15
818.15
843.15
745.15
788.15
674.15
673.15
671.15
658.15
1473.2

2.62
2.75
2.89
3.03
3.18
3.33
3.49
3.65
3.82
3.97
4.17
4.36
4.55
10.03
10.71
8.76
9.56
11.08
10.64
10.47
10.22
10.08
10.97
10.31
9.9
10.59
9.67
10.85
10.8
10.79
11.6
2.75

2.59
2.74
2.9
3.06
3.22
3.39
3.57
3.75
3.94
4.13
4.34
4.54
4.76
10.46
11.24
9.13
9.97
11.69
10.66
10.47
10.19
10.03
11.13
10.44
9.9
10.77
9.74
11.18
11.2
11.26
11.66
2.59

-0.03
-0.01
0.01
0.03
0.04
0.06
0.08
0.1
0.12
0.16
0.17
0.18
0.21
0.43
0.53
0.37
0.41
0.61
0.02

-0.03
-0.05
0.16
0.13

0.18
0.07
0.33
0.4
0.47
0.06
-0.16

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
21



6S1

908 Al
909A1
910A1
911A1
912Al1
913 Al
914 Al
915A1
916 A1
917A1
918BI3
919BI3
920Bl4
921Bl4
922 Bl4
923Bl4
924 Bl4
925Bl4
926Bl4
927Bl4
928 Bl4
929Bl4
930RS5
931RS5
932R5
933RS5
934R5
935R5
936R5
937R5
938 Pho
939Ph6

58.56
58.56
58.56
58.56
58.56
58.56
58.56
58.56
58.56
58.56
48.21
48.21
53.54
53.54
53.54
53.54
53.54
53.54
53.54
53.54
53.54
53.54
73.23
73.23
73.23
73.23
73.23
73.23
73.23
73.23
60.46
60.46

0.64
0.64
0.64
0.64
0.64
0.64
0.64
0.64
0.64
0.64
1.25
1.25
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.56
0.56

18.98
18.98
18.98
18.98
18.98
18.98
18.98
18.98
18.98
18.98
15.5
15.5
17.29
17.29
17.29
17.29
17.29
17.29
17.29
17.29
17.29
17.29
13.6
13.6
13.6
13.6
13.6
13.6
13.6
13.6
18.81
18.81

7.45
7.45
7.45
7.45
7.45
7.45
7.45
7.45
7.45
7.45
10.64
10.64
7.82
7.82
7.82
7.82
7.82
7.82
7.82
7.82
7.82
7.82
2.78
2.78
2.78
2.78
2.78
2.78
2.78
2.78
3.31
3.31

[ ]

3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
9.08
9.08
5.46
5.46
5.46
5.46
5.46
5.46
5.46
5.46
5.46
5.46
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.36
0.36

6.17
6.17
6.17
6.17
6.17
6.17
6.17
6.17
6.17
6.17
11.92
11.92
8.32
8.32
8.32
8.32
8.32
8.32
8.32
8.32
8.32
8.32
1.69
1.69
1.69
1.69
1.69
1.69
1.69
1.69
0.67
0.67

3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.24

24

24
3.59
3.59
3.59
3.59
3.59
3.59
3.59
3.59
3.59
3.59
3.78
3.78
3.78
3.78
3.78
3.78
3.78
3.78
9.76
9.76

0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.08
0.08
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
4.11
4.11
4.11
4.11
4.11
4.11
4.11
4.11
5.45
5.45
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0.14
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0.13

0.13

0.13

0.13

0.13

0.13

0.13

0.13

0.06

0.06

0.22
0.22

12.3
12.3
0.02
0.02

1573.2
1573.2
1623.2
1473.2
1423.2
1473.2
1373.2
1473.2
1373.2
1473.2
1373.2
1523.2
1373.2
1573.2
1373.2
1573.2
1273.2
1573.2
1473.2
1573.2
1473.2
1573.2
1073.2
1373.2
1073.2
1473.2
1073.2
1473.2
1123.2
1223.2
1773.2
1748.2

2.22
2.15
1.76
2.37
2.5
2.25
3.64
2.01
1.8
1.45
2.86
23
1.74
0.91
1.42
0.8
1.3
0.27
3.6
2.16
34
2.94
6.1
3.25
4.8
2.25
3.97
1.67
32
24
2.2
2.32

1.85
1.85
1.52

2.7
2.83
244
3.26
2.44
1.74
1.18
3.19
1.74
1.83
0.48
1.83
0.48
1.77
0.21
3.39

2.5
3.39

2.5
6.19
3.56
5.48
2.29
4.44
1.88
3.25
2.81
2.13
2.26

-0.37
-0.3
-0.24
0.33
0.33
0.19
-0.38
0.43
-0.06
-0.27
0.33
-0.56
0.09
-0.43
0.41
-0.32
0.47
-0.06
-0.21
0.34
-0.01
-0.44
0.09
0.31
0.68
0.04
0.47
0.21
0.05
0.41
-0.07
-0.06

21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
22
22



091

940Ph6
941 Pho6
942 Ph6
943 Ph6
944 Ph6
945Ph6
946 Pho
947 Ph6
948 Ph6
949 Ph6
950Ph6
951Ph6
952 Ph6
953 Ph6
954 Pho
955Ph6
956 Ph6
957 Pho6
958 Ph6
959Ph6
960 Ph6
961 Ph6
962 Pho
963 Ph6
964 Pho
965 Pho6
966 Ph6
967Ph6
968 Pho
969 Ph6
970 Pho
971 Ph6

60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46
60.46

0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56

18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81
18.81

331
3.31
3.31
331
3.31
3.31
3.31
3.31
331
3.31
3.31
331
3.31
3.31
3.31
3.31
331
3.31
3.31
331
3.31
3.31
331
3.31
331
3.31
3.31
331
3.31
331
3.31
3.31

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36

0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67
0.67

9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76
9.76

5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
5.45
545
5.45
5.45
5.45
5.45

0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.85
0.85
0.85
0.85
0.85
0.95
0.95
0.95
0.95

2.1

2.1

2.1

1723.2
1698.2
1673.2
1648.2
1623.2
1598.2
1573.2
1548.2
1523.2
1498.2
1473.2
1448.2
1423.2
1398.2
1373.2
1010.4
887.85
923.95
945.85
964.75
867.05
804.55
793.95
780.45
821.75
763.75
774.95
778.45
785.65
742.15
728.35
759.05

2.44
2.57
2.7
2.83
2.97
3.11
3.26
3.42
3.57
3.74
391
4.07
4.27
4.46
4.65
8.99
11.63
10.85
10.31
10
8.79
10.33
10.59
11.05
9.9
10.84
10.82
10.45
10.25
10.16
10.55
9.59

24
2.54
2.68
2.83
298
3.14
3.31
3.48
3.65
3.83
4.02
4.21
441
4.62
4.84
9.25
11.64
10.86
10.42
10.06

9.25
10.52
10.75
11.07
10.15
11.26
10.99
10.91
10.74

9.94
10.27

9.55

-0.04
-0.03
-0.02

0.01
0.03
0.05
0.06
0.08
0.09
0.11
0.14
0.14
0.16
0.19
0.26
0.01
0.01
0.11
0.06
0.46
0.19
0.16
0.02
0.25
0.42
0.17
0.46
0.49
-0.22
-0.28
-0.04

22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22



191

972Ph6
973 Pho
974 Ph6
975Ph2
976 Ph2
977Ph2
978 Ph2
979 Ph2
980Ph2
981 Ph2
982 Ph2
983 Ph2
984 Ph2
985Ph2
986 Ph2
987Ph2
988 Ph2
989 Ph2
990 Ph2
991Ph2
992 Ph2
993 Ph2
994 Ph2
995 Ph2
996 Ph2
997 Ph2
998 Ph2
999 Ph2
1000 Ph3
1001 Ph3
1002 Ph3
1003 Ph3

60.46
60.46
60.46
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.14
53.52
53.52
53.52
53.52

0.56
0.56
0.56
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59

0.6

0.6

0.6

0.6

18.81
18.81
18.81
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84

331
3.31
3.31
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72
4.72

4.8

4.8

4.8

4.8

0.2

0.2

0.2
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.14
0.14
0.14
0.14

0.36
0.36
0.36
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.76
1.76
1.76
1.76

0.67
0.67
0.67
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.75
6.76
6.76
6.76
6.76

9.76
9.76
9.76
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.66
4.66
4.66
4.66

5.45
5.45
5.45
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
8.28
7.91
7.91
7.91
7.91

0.06
0.06
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3.75
3.75
3.75
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
1.26
1.26
1.26
1.26
2.04
2.04
2.04
2.04
3.07
3.07
3.07
0.02
0.02
0.02
0.02

703.35
662.85
675.35
1670.2
1621
1571.8
1522.6
1473.3
1424.1
1374.9
1325.7
980.4
999.85
1029.5
1044.3
1078.3
962.1
848.25
836.75
815.35
783.15
795.15
779.05
759.45
734.45
736.05
717.65
708.85
1670.2
1621
1571.8
1522.6

9.57
11
10.5
2.28
2.54
2.83
3.15
3.48
3.87
4.29
4.75
10.66
10.2
9.78
9.58
8.81
11.05
9.4
9.71
10.35
11.29
9.16
9.62
10.16
11
9.84
10.33
10.61
1.96
2.25
2.56
291

9.12
10.17
9.83
2.01
2.35
271
3.1
3.51
3.95
4.43
4.94
10.19
9.77
9.17
8.88
8.28
10.62
9.67
9.93
10.43
11.24
9.77
10.17
10.67
11.36
10.1
10.6
10.85
2.03
2.37
2.74
3.12

-0.45
-0.83
-0.67
-0.27
-0.19
-0.12
-0.05
0.03
0.08
0.14
0.19
-0.47
-0.43
-0.61
-0.7
-0.53
-0.43
0.27
0.22
0.08
-0.05
0.61
0.55
0.51
0.36
0.26
0.27
0.24
0.07
0.12
0.18
0.21

22
22
22
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
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1004 Ph3
1005 Ph3
1006 Ph3
1007 Ph3
1008 Ph3
1009 Ph3
1010Ph3
1011Ph3
1012Ph3
1013 Ph3
1014 Ph3
1015Ph3
1016 Ph3
1017Ph3
1018Ph3
1019Ph3
1020Ph3
1021Ph3
1022 Ph3
1023 Ph3
1024 Ph3
1025 Ph3
1026 Ph3
1027Ph3
1028 Tr2
1029Tr2
1030Tr2
1031Tr2
1032Tr2
1033 Tr2
1034 Tr2
1035Tr2

53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
53.52
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86

0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39

19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
19.84
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27

4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88

0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12

1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76
1.76

0.9

0.9

0.9

0.9

0.9

0.9

0.9

0.9

6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
6.76
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96

4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.66
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12

791
7.91
7.91
791
791
7.91
7.91
7.91
791
7.91
7.91
791
7.91
7.91
7.91
791
791
7.91
7.91
791
7.91
7.91
7.91
7.91

8.5

8.5

8.5

8.5

8.5

8.5

8.5

8.5
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0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
1.17
1.17
1.17
1.17
1.17
1.17
3.32
3.32
3.32
3.32
3.32
2.21
2.21
2.21
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02

1473.3
1424.1
1374.9
1325.7
981.65

996.1
1025.4
1028.3
1043.2
962.35
867.35
860.05
840.65
818.85
805.55
789.55
753.75
748.75
727.75
717.65
704.35
799.95
778.55
746.75
1769.2
1719.2
1670.2
1621.2
1572.2
1522.2
1473.2
1424.2

3.29
3.72
4.22
4.77
10.26
9.97
9.44
9.01
8.98
10.68
9.17
92
9.84
10.32
10.64
11.05
9.32
9.46
9.82
10.25
10.82
8.9
9.4
10.29
2.49
2.74
3.01
33
3.62
3.96
4.33
4.73

3.54
3.98
4.46
4.97
10.22
9.9
9.3
9.24
8.95
10.67
9.47
9.63
10.06
10.57
10.9
11.3
9.47
9.6
10.15
10.42
10.8
9.52
10.03
10.86
2.1
24
2.72
3.05
341
3.79
4.2
4.63

0.25
0.26
0.24
0.2
-0.04
-0.07
-0.14
0.23
-0.03
-0.01
0.3
0.43
0.22
0.25
0.26
0.25
0.15
0.14
0.33
0.17
-0.02
0.62
0.63
0.57
-0.39
-0.34
-0.29
-0.25
-0.21
-0.17
-0.13
-0.1

23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
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1036 Tr2
1037 Tr2
1038 Tr2
1039Tr2
1040 Tr2
1041 Tr2
1042 Tr2
1043 Tr2
1044 Tr2
1045 Tr2
1046 Tr2
1047 Tr2
1048 Tr2
1049 Tr2
1050 Tr2
1051 Tr2
1052 Tr2
1053 Tr2
1054 Tr2
1055Tr2
1056 Tr2
1057 Tr2
1058 Tr3
1059 Tr3
1060 Tr3
1061 Tr3
1062 Tr3
1063 Tr3
1064 Tr3
1065 Tr3
1066 Tr3
1067 Tr3

60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
60.86
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26

0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38

18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.27
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38

3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
3.88
35
35
35
35
35
3.5
35
35
35
35

0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14

0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74

2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97

4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.12
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58

8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
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0.02
0.02
0.02
0.02
0.02
0.02
3.75
3.75
3.75
2.38
2.38
2.38
2.38
2.04
2.04
2.04
2.04
1.15
1.15
1.15
1.15
1.15
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02

1087.3
1038.5
1009.7
985.15
973.35
956.95
723.65
709.35
688.85
794.55
776.65
761.25
743.85
821.65
795.45
775.75
763.85
917.45
885.45
865.05
849.85
819.65
1719.4
1670.2

1621
1571.8
1522.6
1473.3
1424.1
1005.6
1041.4
1057.9

8.45
9.32
9.77
10.56
10.75
11.29
9.9
10.31
11.05
9.7
10.05
10.65
10.97
9.55
10.2
10.8
11.04
9.04
9.72
10.08
10.42
11.24
2.79
3.06
3.35
3.67
4.02
4.39
4.8
10.39
9.41
9.06

8.81
9.68
10.24
10.76
11.02
11.4
9.95
10.32
10.89
9.62
10.03
10.4
10.85
943
10.01
10.47
10.77
8.81
94
9.8
10.12
10.78
2.44
2.75
3.09
3.45
3.83
4.24
4.68
10.39
9.68
9.38

0.36
0.36
0.47
0.2
0.27
0.11
0.05
0.01
-0.16
-0.08
-0.02
-0.25
-0.12
-0.12
-0.19
-0.33
-0.27
-0.23
-0.32
-0.28
-0.3
-0.46
-0.35
-0.31
-0.26
-0.22
-0.19
-0.15
-0.12

0.27
0.32

23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
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1068 Tr3
1069Tr3
1070 Tr3
1071 Tr3
1072Tr3
1073 Tr3
1074 Tr3
1075Tr3
1076 Tr3
1077 Tr3
1078 Tr3
1079 Tr3
1080Tr3
1081 Tr3
1082Tr3
1083 Tr3
1084 Tr3
1085Tr3
1086 Tr3
1087 Tr3
1088 Tr3
1089Tr3
1090 Tr3
1091 Tr3
1092D2
1093D2
1094 D2
1095D2
1096 D2
1097D2
1098 D2
1099D2

61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26
61.26

66

66

66

66

66

66

66

66

0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36

18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
18.38
15.23
15.23
15.23
15.23
15.23
15.23
15.23
15.23

35
35
35
35
35
35
35
35
35
3.5
35
35
35
35
35
35
35
35
35
35
35
35
3.5
35
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08

0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
2.21
221
2.21
2.21
221
2.21
221
221

2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
5.01
5.01
5.01
5.01
5.01
5.01
5.01
5.01

4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
4.58
3.84
3.84
3.84
3.84
3.84
3.84
3.84
3.84

8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
8.04
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
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0.14
0.14
0.14
0.14
0.14
0.14
0.14

0.02
1.26
1.26
1.26
1.26
1.26
1.26
1.26
3.78
3.78
3.78
3.78
3.78
3.78
1.19
1.19
1.19
1.19
1.19
1.19
0.79
0.79
0.79
0.79
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02

967.08
872.85
853.75
830.85
814.15
811.25
799.15
794.65
724.25
718.05
698.75
693.35
679.45
677.35
862.75
845.05
827.55
802.85
798.25
786.45
959.45
901.55
859.05
840.75

1744
1719.4
1694.8
1670.2
1645.6

1621
1596.4
1571.8

11.18
9.33
9.74

10.09

10.56

10.62

10.85

11.19
9.85

10.05

10.52

10.95

11.33

11.43
9.54

10.01

10.24

10.74

11.02

11.56
8.83
9.88
10.7

11.35
2.09
2.21
2.34
2.48
2.62
2.76
2.92
3.08

11.22
9.49
9.88

10.36

10.74

10.81

11.09
11.2
9.93

10.09

10.61

10.76

11.16

11.22
9.81

10.18

10.56

11.13

11.24

11.53
8.75
9.79

10.65

11.05
2.16
2.31
2.48
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APPENDIX B

FTIR SPECTRA FOR EQUILIBRIUM SPECIATION
EXPERIMENTS

The FTIR spectra on the following pages are for the measurements listed in Table

3.3 in Chapter III. All spectra were normalized to the sample thickness (mm).

Fig. B.1 FTIR spectra for equilibrium speciation experiments.
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APPENDIX C

FTIR SPECTRA FOR COOLING EXPERIMENTS

The FTIR spectra on the following pages are for the measurements listed in Table

4.3 in Chapter I'V. All spectra were normalized to the sample thickness (mm).

Fig. C.1 FTIR spectra for cooling experiments.
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APPENDIX D

DATABASE FOR EASINESSOF CRYSTALLIZATION FOR
DIFFERENT MELTSAT DIFFERENT P-T CONDITION

Experimental database for easiness of crystallization for different melts at
different P-T condition has been accumulated at the experimental petrology laboratory,

the University of Michigan. The references are listed at the end of the table.

Table D.1 Pressure dependence of easiness of crystallization for different melts at

different temperatures.

#  Composition  HxOy P T t q Crystallization* Ref®
wt% GPa K s K/s
1 rhyolite 6.53 0.5 613 7200 50 N 4
2 rhyolite 6.53 0.5 613 1260 50 N 4
3 rhyolite 4.6 0.3 623 18000 50 N 13
4 rhyolite 3.89 1 623 261360 50 N 11
5 rhyolite 6.53 0.5 643 300 0.017 N 4
6 rhyolite 5.33 0.5 673 300 0.017 N 4
7 rhyolite 3.89 1 673 46800 50 N 11
8 rhyolite 3.89 2 673 172800 50 N 11
9 rhyolite 5.18 2 673 720000 50 N 12
10 rhyolite 3.71 3 673 259200 50 N 11
11 rhyolite 3.65 0.5 678 300 0.0017 N 4
12 rhyolite 3.65 0.5 678 600 59 N 4
13 rhyolite 3.64 0.5 703 300 0.017 N 4
14 rhyolite 2.63  0.0001 723 600 0.017 N 1
15 rhyolite 3.65 0.5 723 300 1 N 4
16 rhyolite 1.8 1 723 183600 50 N 11
17 rhyolite 3.89 1 723 10800 50 N 11
18 rhyolite 3.89 2 723 14400 50 N 11
19 rhyolite 3.89 3 723 21600 50 N 11
20 rhyolite 3.89 3 723 21600 50 N 11
21 rhyolite 5.27 0.5 733 300 1 N 4
22 rhyolite 2.39  0.0001 735 600 0.000177 N 1
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263 dacite 1.411 0.0001 863 180 20 N 8
264 dacite 2.45 0.1 878 103975 30 N 9
265 dacite 1.45 0.097 881 180900 100 N 9
266 dacite 0.75 0.0975 881 413880 100 N 9
267 dacite 2.45 0.14 881 40878 100 N 9
268 dacite 2.45 0.13 910 19660 100 N 9
269 dacite 0.73 0.099 911 484260 100 N 9
270 dacite 4.7 1 1423 300 100 N 7
271 dacite 4.6 1 1473 300 100 N 7
272 dacite 3.5 0.5 1573 73 100 N 7
273 dacite 2.9 1 1573 480 100 N 7
274 dacite 6.2 0.5 1673 120 100 N 7
275 dacite 6.3 1.5 1673 120 100 N 7
276 dacite 3.1 1 1773 90 100 N 7

*: “N” means no crystallization in the quenched glass and “Y” means significant
crystallization. The crystallized samples were classified as failed experiments and were
not discussed in the respective papers even though the samples were part of the respective
study.

0: references: 1. Zhang et al. 1997b; 2. Liu and Zhang, 2000; 3. Zhang and Behrens,
2000; 4. Zhang et al., 2000; 5. Behrens and Zhang, 2001; 6. Xu and Zhang, 2002; 7.
Behrens et al., 2004; 8. Liu et al., 2004a; 9. Liu et al., 2004b; 10. Liu et al., 2005; 11. Hui
et al., in revision; 12. Ni and Zhang, revised; 13. this study.
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