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. ABSTRACT ©

The results of five separate studies on the propertles of
flUOflﬂE‘ and water-bearing silicate melts are presented in
this the51si ?ach study represents "an attempt to evaluate
the effeéts of fluorine on polymerized silicate meits by =
"studying melt pioperties. The melt properties studied are
viscosity, fQUOrine diffusivity, melt-vapor partitioningdand
water solubility. |

The effect of fluorine on melt viscosities of five
composiéions in the systlem NazO-Alzog—Sid§ was investigated
at one atmosphere and 1000-1600°C by conc;ntric—cylinder

viscometry. The compositions chosen werd albite, jadeite and

~

. nephel{ne on'the‘jéin NaAl0O,-Si0, and two others off the

L.

join at 75 mole. percent SiO., one peralkaiine and one
peralumiﬁBUS, Fluorine reduces the viscosities'and
activation energies of all melts investigated. The

. A . ,
viscosity—reduding power of fluorine increases with the SiO,
content of melts on the join NaAlO,-SiO, and is.a maximum at
Na/Al(molar)=1 for mélts coﬁtaining 75 mele percenﬁ¢SiOz;

.

Fluorine and water have similar effects on alumindsilicate
melt viscosities,‘probably due to depolymerization of th;se
melts by replacement of Si-O;(Si,Al) bridges with-Si-QH and
Si-F bonds, reSpectively.‘The viscous flow of phdnolitesd'
trachytes and rhyolites Qill be strongly affected by
fluorine. - ’

The chemical diffusion of fllUorine in jadeite melt was

investigated from 10 to 15 kbars and 1200 to 1400°C using



<

diffusion couples of jadeite melt ané fluoriﬁe—bearing
jadgite ﬁelt (6.3wt.% F). The diffusion profile data
{ndicate'fhat the diffusion process 1is
concentration-independent, binary, %—O interdiffusion. The

F-O interdiffusion coefficient ranges from 1.3 x 1077 £3°7.1

x 10- "' cm?/sec.®The Arfhenius activation energy of diffusion

ranges -from 36 to 39 kcal/mole as comparig,wﬁth 19 kcal/mole”

for fluorine tracer diffusion in a lime~aluminosilicate
melt. The diffusivities of various cations are significantly

increased by the addition of fluorine or water to a silicate

-

melt.

The chemical diffusion of i}uorine in five melts in the
system Na,0-Al1,05;-Si0O, was investigated at 1200—1%00°C and 1
atm. Spheres of the same melts that wefé\uséd for viscometry
'wé?é suspended from Pt loops in a flow of oxygen gas, at
high temperature. The resulting volatilization of fluorine
was investigated by microprobe scans for Na, Al, Si and F,
across gquenched, segtioned spheres. Profiles of fluorine
concenfration can'bebreduced to yield a bulk diffusion
coefficient for F-O {nterdi%fusion. Fluorine diffusivity

decreases along the jQinENaAloz-SiOz from nepheline to

Al

N

albite. At 75 mole %;iioz, fluorine diffusion is slower in.
alblte than 1nrpera1um1nous and peralkaline melts. Fluorine
diffusion in albite melt is 51gn1flcantly slower than water
diffusion in obsidian melt,

The solubilities of water in six melts in the system

K,0-Na,0-A1,05-S5i0; were detefmined at 930-1630 bars and,

vi
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800°C. The sinbiﬁities were déterminE% bmeicromanometric

| measurement of H,0 in quenchéa;melts. The solubilities at

970 bars for the granitic and phonélitic minimum melts are &,
2.88 #0.10 wt% and 5101 iO.Tiﬁwt%, respectively. Both
peralkaiinq‘éhd peraluminous™ranitic melts have higher -H,0
'sblubilitieé than the 1 kbar P(H,0) minimum melt. Fiuoriﬁef
decreases the solubility of water in granitic melts.

The partitioning of Na, K, Al, ang\ii between
fluorine-bearing haplogranitic melts and a—coexiSting fluid
phase was%investigated at 1 ky?n and 800°C. FluSrine |
significantly inéreases the solubility of Na, K, Al ;nd Si
in the fluid phasé; The largest‘ingféase is fér aluminum
suggesting that fluorine is coordinated by aluminum in one!u
or more alu%inoflporide or alkali aldminofluoride complexes
under these conditions. The results provide experimental

confirmation of the mobility of aluminum observed in many

fluorine-rich hagmato¥hydrotherma1‘systems.

vii
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I. Introduction

A. Opening comments

An accurate kﬁowledge of the._physical and chemical
properties of silicate melts is essential for é discussion
of the proceéses involved in‘igneoﬁs petrogenesis. This
thesis contains~five investigatiéns into silicate melt
prdperties which have diréct conéequences for the
petrogenesis. of ﬁ;;g igneous rocks. Fluoriné—ridh igneous
rocks occur in a variety of'éettings, both intrusive and
e€xtrusive, and the chemistry of flup:ine—rich'%agmas can be
wet or dry, peralﬁgline or peraluminous (Baiiey, 1977).
Typical and’extreme ranges of fluorine contents Sf granitic
énd related rocks are shown in Figuré 1. It is well known
that fluorine significantly modifies several of the physical
properties of synthetic aluminosilicate melts (see below)
and, therefore, it is expegted that fluorine-rich geological
Gmelts may behave differently than fluorine—frée melts of
equivalent composition., This thesis comprises a series of
studieS/é;ich iﬂvestigate~the role of fluorine in silicate
melts oé“geoloqic interest by examining some of the chemical
and physical properties of fluarine-bearing melts.
B. Background

Previbus work on the role of fluorine in siiicate melts

can be grouped into two categories. Firstly, there has been

a long discussion in the ceramics literature on the role of



Figure 1., Common and extreme ranges of fluorine contents of
gramtes and related rocks. :

Range of F Content of
Granites and
Related Rocks.

(data from various sources)

:] Ongonites,Qtz Topazites,

[ 1 Grelsens, LiF Apo-Granites.
e~ 7 Albltized, Grelsenizad
[- : _l Granite, Topaz Rhyolite

[‘ . ‘:] Alkallc Granltt;, Pantellerite

[’_‘: "] . Average Granite, Rhyolite
0 ;=" > -------------- Fiuld Inclusions in
¢ - e — . ———— Granltic Rocks
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10PPM 100PPM \ 10%
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fluorine in silicate melts andbglasses at. one atmosphere.
Studies have beenlconductedcpn viscosity tSchwerin, 1934;
Owens-Illinois Giass Company, 1944; Kozake&itch, 1954;
Bills, 1963; Hira;ama and Camp, 1969; ﬁ%u éi al., 1977),
electrical conductivity (Shinozaki et al., 1977), infrared

and Raman spectroscopy (Kumar et al., 1965; Takusagawa,
1980; Dumas et alaﬁj{982), volatilization (Kuhar et ;7.,
1961; Kogarko et al., 1968; Al-Dulaimy, 1978)l melting
‘-curves (Kogarko and Krigman, 1973} and opalescence
(Rothwell, 1956). With tﬁgxexception‘of some‘of;the
vichsity work, all these studies have been conducted on
aep @yﬁerized,'Al-poor melts. The major conclusion to be
d@?gn from these ceramic studies is that fluor%pe is
i;corporated in dry, aluminum-free melts by.forming Si-F
bonds, replacing the oxygen in Si-0-Si bridges, and
resulting in thg formatioﬁ of Si0O,F units (Rabinovich,
1967). Rabinovich (1983) has diséussed the conséquences of
istructural reorganization during slow cooling of
fluorine—bearing silicate ﬁelts (i.e. opalescence) and the
increasing volatilization of fluorine as alkali fluorides
witﬁ decreasing'tlmperature. Studies which suggest the
predominance of alkali-fluoride bonds in silicate melts
(Kogarko et al., 1968; Kogarkd‘and Krigman, 1973) have
probabiy underéone the type of structural reorganization

described by Rabinovich (1983) or have been conducted on

extremely alkaline, depolymerized melts.
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‘The second body of data on fluorine ih silicate melts

'comes from extensive phase eguilibria ;ork oh wet,
fluorine—bearing\granitic and albite melts (Wyllie and
Tu%tle, 1961; Koster van Groos and lelie,t1968; Anfilogov
et al.; 1973; Glyuk and Anfilogov, 1973a,b; Danckwertg, 4
1980; Manning, 1981). Deispite the variety of synthetic and'5¥
natural compositions used, almost all studies répprt the
replacement of feldspar by qudrtz on the liquidus with
sufficient addition of fluorine. This réiative increase in
quartz stability implies a decreage in the activity of
NaAlO,, relative to Si0,, in the melt. Decreased NaAlo,
activity is not consistént with the solution of fluorine in
these melts by the ¥ormation of SiOsF complexes. Instead,

Manning et al. (1980) have proposed the formation of Al-F

complexes with Al in octahedral coordination.

C. Objectives A | N o - B N
This thesis is an attempt té‘evaluate the béhavibr of
fluorine and fluorine-bearing melts in simplified chemical
systems. .The results of these studies are discussed in terms
of their implications for the structural role of fluorine ih}
silicaté melts and the petrogenesis of fluorine-bearing
igneéus rocks. The thesis is written in the form of five_
separate papers (chapters 2 to 6) and therefore each chapter
has its own introduction and conclusions. The conclusions of

all studies are summarized in chagter 7.



viscometry :
Chapter 2 i% an inveétigation of the effect of fluorine
on melt viscosities in. the SysteygyazO—Alzog—sioz. Viscosity
1s a property which has beeh shown to vafy grea;lquith melt
composition in simple systems (e.g. Riebling, 1966) and r
which has been&;elated q@ melt structure (Mysen et al.,
v198Q).,Th? viscosity of ;gneouS'magmas‘is a critical
éarameter\controlling their physical behavior during
coalescence, ascent and emplacement/eruption¢(Harris et al.,
_1@70). The primary objective of this work was to qQuantify
the viscosity-reducing effect of fluorine on relatively
polymerized melts in the system Na,0-Al,0;-5Si0,. The results
indicate that the viscosity-reducing effect of fluorine is
comparable to that of waEe;. Fluorine and water probably 'K
remain stably dissolved in silicate melts by replacement of
O sin Si-O—(Si,Al)'briages with (Si,Al)-F and (Si,Al)-OH,
respectively. The viscosity-reducing effect of fluorine is
greatest in SiO;-rich_melts at low temperatures (600-800°C)

where viscosity decreases several orders of magnitude with

the addition of 1 wt¥ fluofine.

Diffusion |
Chapters 3 and 4 present data on the diffusivity of
fluorine in melts of geologic interest, Diffusivities in
silicate melts yield information on the structural nature of
ionic transpoft'in melts which can be déefully compared with

viscosity and other melt properties to obtain a &¢learer
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understanding of melt structure. The geologic applféations
of fluorine diffusivity concern bulk diffusion«rgtes in
relatively dry, fluorine-rich igneous maghas. '

The chemical diffusion of fluorine has been studied’ati
1 atmosphere in five melts in the system Na,0-Al,0,;-Si0. and,
at 10 to 15 kilobars in jadeite melt. The diffusion is a
binary F-O exchange which is independent of concentration
but strongly dependent on melt composition. Both fluorine
and‘wéter significantly affect the diffusiviGies of other
species in siliéate melts and thus the bulk diffusivities of
magmas are enhanced by their presence. There are several
examples of relatively dry, fluorine-rich géologi [melts
whose kinetic behavior may be controlled their fl}orine

contents.

Water s§1ubility

Few properties of silicate melts are more influential--
in igneous petrogenesis than the solubility of water. Yet
the data available for several natural melgs contain
significant discrepancies. Chapter 5 presents the results of
water solubility determinations in haplogfanitié meits using
a new technique, vacuum fusion manometry. The solubility of
water was measured in 1 kilobar thermal minimum, peralkaline
and peréluminous granitic melts,cih a phonolite melt and in

fluorine-bearing granitic melts. Water solubility varies

134

strongly with melt composition. The solubiléty of water in

peralkaline and peraluminous melts is gréater than in the 1

o



kilobar minimum granitic melt and the phonolite melt
dissolves twice as much water as granitic melts: The

addition of fluorine to the 1 kilobar minimum melt decreases

]

the solubility of water slightly.

‘Melt-fluid partitioning

The partitioning of elements betwéen a melt and a
coexisting fluid phase is a critical pérameter in the .
evolution of magmato-hydrothermal systems. v
Chlorine-dominated systems are common bﬁt fluorine-rich
systems do exisf. &hapter 6 reports partitioning data for
Na, K, Al and.Si in the system haplogrénite-HF—Hzo. Fluorine
‘enhances thé solubility of Na, K, Al aﬁd Si despite the high
melt/fluid paftition'coefficient of fluorine itself.
Normalized fluid compositions in equilibrium with | \
fluorine-bearing granitic melts are much more Al-rich than
‘comparable chlorine-bearing and boron-bearing fluids.
FluoriAé does not supress Al mobility in )

magmato-hydrothermal systems as chlorine does and therefore

fluorine-rich systems can be expected to, and often ‘do,

pord

exhibit evidence of extensive Al mobility.

Summary .

. Chapter 7 is a brief summary of the geological‘and melt

7 Co
structural implications of the contents of chapters 2 to 6.

-

3



I1. Viscometry

"A. Introduction

"It is well known ¥n the glass and‘ceramics iiterature
that the incorporation of fluorine ioto silicate melts has
an important effect on their properties (Weyl, 1950} Eitel,
1965) . More specifically, fluorine, as CaF,,+has been used )
in ceramics for several hundred years as a flux to promote
fining or bubble remova& from glass melts and more . recently
as a flux to aid the kinetics of slag-iron separation in
steelmaking. The ceramics ana glass literature contains a
large body of data on the effect of fluofine additions to-
various slag compositions (Schwerin, 1934;-O§ens-lllinois’j‘
Glass Company, General Research Laboratory, 19447 ‘
Kogakev1tch, 1954; BlllS, 1963 Hirayama and Camp, 1969).
the geological literature it has been shown that fluorine
plays an importaht role inlﬂelt‘stfucture and p;opefties
(Wyllie and Tuttle, 1961; Manning, 1981). |

For these reasons the effect.of'fluorine on the

viscosity of melts in the system‘Nazo—Alzog-Sio; was
investigated. Temperature;viscosity relatiohships of
fluorine-bearing melts of albite, jadeite, nepheline, one

peralkaline and one peraluminous composition have been

E measured between 1000-1600°C. The results were then compared

\w1th available data from fluorlne free melts in = - o

Na,0-Al1,0,-Si0,, w1th studies on floorlne—bearlng slags, and

L e



with data for hydrous rhyolites. From these comparisons it
is'inferrea that (1) reductions in viscosity 6f polymerized
melts occur by substitution of fluorine for brldglng oxygens
and (2) water and fluorlne have similar effects on the

viscosities of polymerized melts.

4

B. Experimental method
B
The compositions studied were chosen to evaluate the

influence of varying alkali/aluminum ratio énd silica

5
|

content on the viscosity of fluorine-beafihg melts. The five
base compositions are albite, jadeite, nepheline and two
others with 75 mole percent 5102, one peralkallne and one
peralum1nous~(Flg. 2). The system Nazo Al 03 510; was chosen
because viscosities in the-base system Na,0~Al,0;-Si0, have
been studied by Riebling (1966) ahd»the s%ructure and
physical propertles of glasses and melts in this system have
been 1nvest1gated (Hunnold and Bruckner, 1879; Taylor and

. Brown, 1979; Navrotsky et aI@, 1982, Selfert et al,,,1982).
The hdrmative compositions of many quorine-righ'fgnepuslllA,f
melts,containing'greater‘ihan 50 mole percent feldspars f_m—#
feldspathoids are Wellirepresented by this-séstem.

, Fluorine was included in the melt compositions b§
‘subsﬁituting.2$lF3 for some of the Al;0; of the base
‘compositign. Thms the substitution is'essentially 2 moles of
fluorine fer one mole of oxygen, Qenoted-by the exchange

. ; .
‘operator F,0_,. The starting compositions were synthesized

from reagent grade sodium carbonate, alumina, aluminum



v - 4 : .
Figure 2 Melt comp051t10ns progected 1nto Na;o Al O, 5102.
One atm liguidus phase ‘fields; cr1stoba11te(cr) ,
tridymite(tt), albite(ab), sodium d15111cate(Na d1)
sodium metasilicate(Na-mt), nepheline(ne),
carneglelte(cn), ‘corundum(co) and mull1te(m§)

The
dlagram ig in welght percent !

\COMPOSITIONS “~_/

1 atm
phase relations

* peralkaline’ )

“peraluminous’

0



11

~a

fluoride and purified quartz sand. Carbonate + oxides +
fluoride, equivalent to a decarboﬁated weight of 600 grams,
were mixed thoroughly for 12 hours and then fused in a 10.5
cm long by 5.5 cm diameter p}atinum crucible for 6 to 10
hours at 1600°C to ensure homogeneity and escape of air
bubbles. | '

Viscosities were determined using a concentric cylinder
viscometer which uses a Pt90Rh10 inner cylinder 5 cm long
and 1.2 cm ip diameter with conical ends. The inner cylinder
is rotétedvand thé resultant. torque is measured and
converted into a millivolt signal. The apparatus was
calibrated with NBS standérd lead-silica glass SRM #711 for
'which the viscosity*Qeﬁperature relationship is well known.
The viscosities are accurate to 5% with a precision of 1%
and teméeraturés have uncertainties of +1°C. Measurements
were made at 50°C ihterva;s,over the temperature range
1000-1600°C. Viscosities were independent‘of shear rate for
all compositions (e.g. Fig. 3) indicating Newtonian
behavior. ‘

L

Volatilization of fluorine @b Significant during melt
synthesis but not during viscosity measurement."The
viscosity measurements were obtained at successively lower
temperatures for each composition and then the highest
temperature measurement was repeated; Due to the powerful
_viscoéity—reducing effectdof fluorine in these melts, |
returning to the high‘tehperature data point for each

composition is an excellent check for significant fluorine
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Figure 3. Newtonian behavior of fluorine-bearing (5.8'wt.%)
- albite melt (data at 1500°C).
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A
volatilization during measurements. High temperature
readﬁngs at the start and finish of each.set of measurements
were within error, indicating that fluorine volatilization |
" during the measurements was insignificant. According to the
glass compositions analyzed after viscometry, there was no
significant sodium loss. ‘ ¢

Na, Al and Si conténts of quenched melts (glasses) were
determined, after comp}etion of the viscosity measurements,
.by energy dispersive analysis using an ARL-SEMQ microprobe
fittgd with an EEDS-ORTEC en;rgy dispersive system.
| Operatiﬁg conditions were 15 kV, 4nA sample current and 240
second count times. The beam was rastered over a 20x20
micrometer area, a technique which proved adeguate for
avoiding volatilization of Na or F during analysis. The
homogeneity of glasses was confirmed for Na, Al and Si by
analysing six spo£5 on each glass.

Fluorife confents were determined by neutron activation
analysis. Twelve repliqates of -each glass were determined
against a curve for reagent—gradé CéFz.vThe technique was
verified with standard opal glass SRM #91 (5.72 wt.%F).
Fluorine contents were combined with the raw spectra for Na,
Al and Si as idput.fpr EDATA2 (Smith and.Gold, 1979),

allowing full ZAF reduction of the Na, Al and Si data (Table

1).
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Table 1. Analyzed melt compositions®

Na Al Si F . 0. Total

Jlbite 8.31 9.15  31.54 5.8 445 99,30
jadeite 11.17 12.75 " 26.72 6.3 43.0  99.94
repheline 15.97 17.57 19.40 5.2 41.1 99. 24
seralkaline " 10.88 5,42 34.09 3.7 45.9 99.99

»eraluminous - 6,14 10.87 31.58 5.4 45.5 99.49

tNa, Al and Si determined by electron microprobe; F determlned by neutron
ictivation analysis; O by stoichiometry.

irrors for microprobe data expressed as percent of the amount present at 3
standard deviations: Na (4.3%), Al (2.0%), Si (1.0%).

irrors in fluorine determinations are $0,lwtZ F at 1 standard deviation.

é , ' Lﬁ
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C. Results

: Fifty viscosity measurements were made on five
compositions. The results are presented in Table 2 and in
Figure 4. All five cbmpositiéns show a log-linear dependence
of Qiscosity on reciprocal temperature. Such behavior is

described mathematically by the following Arrhenius equation

1og]oq = ]ogTOQO + Eq/2.303RT,

where n is the viscosity at témper?ture T (in K), Qo’is a
constant, R is the gas constant and Eq is termed the
activation energy of viscous flow. The method of ieast
squares was used to f;t the data to straight lines (Fig. 4)
from which the Arrhenian pafameters were determined. Above
1400°C, viscosifies of {heﬂfluofine-bearing melts decrease
in the order peraluminous > albite > jadeite > peralkaline >
nepheline. Activation energies of viscous flow of
fluorine-bearing melts decrease with in;reasing Si0, along
the join NaAlOz—giozékrom nepheline (58.0 kcal/mole) to
albi£e (45.5 kcal/mole), and increase from the peralkaliné '
melt (40.3chal/mole) to the peraluminous melt (68.7
kcal/mole) at 75 mole percent SiO,. Differeﬁt activation
energies for the‘various mélts result in two
viscosity:temperaturp curve crossovers within the range of
experimental measurémenfs !Fig. 4). As a résulti below
1350°C fiuorine¥bearing jadeite is more viscous than

fluorine—beafing albite, and below 1400°C fludrine-bearing
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Figure 4. Measured viscosities of fluorine-bearing melts .
(this study) and base melts (Riebling, 1966). Numbers on
curves refer to the wt% of fluorine. Inset: Viscosities

of vitraous and fluorine-bearin
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Table 2. Viscosity results and computed Arrhenian parameters

Temperature Logyg Viscosity (p&ise)
(degrees C) albite jadeite nepheline peralkaline peraluminous
1600 2,76 2.45 - - 3.12
1550 2.93 2.68 1.87 2.04 3.33
1500 3.10 2.88 2.10 2.19 3.58
1450 3.28 3.08 2.31 12,32 3.82
1400 _3.46 3.29 2.53 2.44 4.09
1350 | 3.65 3,51 2.76 2.59 4.38
1300  3.84 3.73 3.00 2.77 4.68
1250 4.05 3.97 3.26 2.97 4.96
1200 4.25 4,21 - 3.16 5.28
1150 4,50 4.62% - 3.37 -
1100 4.73 .- - 3:60 -
1050 ‘ 4.96 - - . 3.86° -
1000 S - - 4.14 -

) Arrhenian parameteré
E,"" 45.5 © 55.0 58.0 40.3 68.7
logignp -2.50 -3.92 -5.05 , -2.81 -4.89.

* gt 1137 degrees C

#%(ip kcal/mole)
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nepheline is more viscous than fluorine-bearing peralkaline

melt (Fig. 4).

D. Discussion

Comparison with previous work.

Discussion of.these data is facilitated by comparison
with viscosities of equivaleht fiuorjge—free melts in
Na,0-A1,05;-Si0,. In Figure 4 we have included data from
ﬁiebling (1966) for the five base compositions and the data
of Rau eﬁ a]. (1977) for vitreous silica and -7
fluorine-bearing silica. Figure 4 shows that the addition of
fluorine strongly reduces the viscosity and the activation
energy of all melts studied. These reductions
(denoted dn and dEn, respectively) are different in
magnitude for each of the base compositions. The lowering of
viscosities and activation energies of melts on the join
NaAl0.-SiO, is a positive function of Si0, content. For
‘example, at 1400°C the viscosity reduction with the.addition
of 1 wt¥% fiuorine (by substitution of fluorine for oxygen)
to Si0, is 0.45 log:ozunits. Under equivalent conditions,
the viscosities of albite, jadeite.and népheline melts
decrease 0.26, 0.19 and 0.16 log,;s units/wt.% FQ
respectively. All activation energies for fluorine-bearing:

melts are reduced from the valués for their fluorine-free

,countérparts: albite (85.3 kcal/mole), jadeite (86.8
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I3

kcal/mole) ana nepheline (74.2 kcal/mole) (Riebling, 1966) .
Interestingly, the decrease in activation energy of these
three .melts upon addition of fluorine is a”{inear function
of mole fraction of Si0,/(Si0;+NaAlO;) o;ér the range of 0.5
to 0.75 (Fig. 5). This results in decreasing activation E
energies with increasing SiOfcontent from fluorine-bearing
nepheline to fluorine-bearing albite. Extrapolation of the
line in Figure 5 to X(Si0,)=1 is not possible due to the
large uncertainty in the activation energy of silica (see
Hofmaier and Urbain; 1968) and the possibility that 1 and 6
wt% additions of fluorine may not have an eguivalent effect
on the activation energy of SiOy. Howevér, the activation
enerqgy decrease is larger for the addition of fluorine to
silica than for the addition of fluorine to any Al-bearing
melts.

‘The three melts studied at 75 mole percent Si0, are:
peralkaline, albite and peraluminous. At 1400°C, the albite
melt undergoes the largest decrease in viscosity (0.26 logo
units/wt.%F),'whereas the peralkaline and peraluminous melts
show smaller decreases of 0.16 and 0.14 log,, units/wt.%F,
respectivel;. These threegmelts all experienc; decreases in
activation energy with fluorine addition, but the
peralkaline and peraluminous melts drob only 5 and 16
kcal(mole, respecfively, compared to a 40 kcal/mole drop for
albite. As a result the viscosities and activation energies

increase in the order peraluminous > albite > peralkaline.



Figure 5. Decreases in activation energy of viscous flow
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In sﬁmmary, in order to account for the role of
fluorine in melts in the system Na,0-Al,0,-Si0O, any model
must explain the fqllowing general features: 1) the decrease
of all viscosities .and activation energies with fluorine
addition; 2) the positive dependence of dEn and dn (see
above) on Si0, content for melts on the join NaAlO.-SiO. and
the resulting negative dependence of En on S$iO. for
fluo;ine—bearing melts on this join; and 3) the positive
dependence of En ana n on Al/Na at consﬁant Si0., tﬁat
contrasts with the presence of viscosity maxima at ‘or near
* Al/Na (molar)=1 for fluorine-free melts (Riebling, 1966).

There have been seve;al studies conducted on the
effects of fluorine on viscosities of Al-poor slags
(Schwerin, 19%4; Owens—Illinois Glass Company, General
Research Laboratory, 1944; Koéakevitch, 1954; Bills, 1963;
Hi;éyama and Camp, 1969). The compositioﬁs of slags véry
widely, especially'in silica content (25 to 75 wt%) but, due
to insufficient aluminum, none of the melts represents ”
highly polymerized liquids such as those of the join
NaAl0,-SiO,. Representative compositions and results from
these studies are presented in Figﬁre sfwith the results of
the present study, thus providing a compariéon of the.effect
of fluorine on polymerized and éepolyme;ized meit', |
viscosities. It is clear in Figure 6 that fluorine‘decreases
the viscosities of all melts.studied. However, the‘decreases

in activation energy with fluorine addition are smaller for

‘the depolymerized slags than for the.polymefized melts in
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Figure 6. Effect of fluorine on melt viscosity for several
slag compositions. See text for references, Numbers on
curves refer to wt.% fluorlne added.
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>Browﬁ}ﬂ1979} Navrotsky et al., 1982; Seifert et al., 1982).

tetrahedra is stabilized by the inclusion of one network

23

Na.0-Al 203'Si02 .

Structural implicafions

The three-dimensional structure of melts on the join

NaAlO,-Si@, has been discussed by several investigators

(Riebling, 1966; Hunnold and.Bruckner, 1979; Taylor and
A continuous three-dimensional network of (Al,S1)0, s

modifying Na atom per tetrahedrally coordinated Al atom. In
such a structure all oxygen is bonded to two

teﬁrahéarally—coordinated,'network-forming cations to form
oxygen bridges. In contraétf“melts'in Na{O-Alzoa-Sioz whose
compoSitions lie off the join NéAloz-Sioz, whether they are

peralkaline or peraluminous, cannot maintain the structure

of an uninterrupted three-dimensional network. These melts

 'probably contain a. discontinuous three—dimensional network

perturbed by the presence of excess Na or Al atoms

'coordlnated by nonbridging oxygens (NBO). (Mysen et al.

1980). The degree\of polymerlzat;on of aluminosilicate melts
may be représented by the ratio of NBO/T (where T represents

a tetrahédrally-coordinated cation ; Mysen et al., 1982).

“Analyses of the melts along'the join NaAlOz+SiOz yield base

compositions (projecfed from F,0.,(molar)) with NBO/T values

close to zero (albite = 0.013; .jadeite = 0.008; nepheline =

0.032). The peralﬁaline base composition yields NBO/T =



0.193. The peraluminous compositioa is difficult to deal
with u51ng the calculation procedure of Mysen et al. (1982)
because of the uncertalnty in assigning some or all of the
aluminum to the value of T. If we assume -as a 11m1t1ng case-
that each tetrahedrally coordinated Al atom requ1res a Na
atom for stablllzatlon, then the maximum NBO/T for-the
peraluminous composition is 0 292, Viscosfties’in

Nazo Al 03 Si0, (R1eblrng, 1966) appear to reflect the5j

' structural characterlstrcs of these melts qu1te well The
presence of v1scos1ty-max1ma at or near Na/Al (molar)_= lf
along joins of constant silica content 1n Nazo Al 03 SlOz
(Riebling, 1966) 1mply that at the 1-1 comp051t10n melts are
completely polymer1zed (1 e. all Al is in tetrahedral |
coordlnatlon; Hunnold and Bruckner, 1979).

The viscous flow of pure silica 1nvolves an actlvatlon
energy similar to the Si-0 bond strength of $1 O Si br1dg1ngv
bonds and thus viscous flow in sio, is thought to proceed byi
the breakage of such br1dglng bonds (Bockrzs and Reddy,;
1970). Melts along the join NaAlOz S1Oz also requ1re the
:breakage gf,brldglng oxygen bondS‘but the averageinOfT;bond}
strenglh is_lowered from that of pure SiO:. Peralkaline;ana
peraluminous melts in ua;o—Alzo;¥sio, probably‘owe their
lower viscositiés to the smaller'aVerage size of flow uniti.
Their'lower activation,energies may~be’due to a'aecrease ih;:
e the number of bond -breakages requlred for v1scous flow.
Fluorlne substltutes for oxygen in 5111cate melts

(Rab1n0v1ch 1983). If oxygen occurs in melts on the join’

LI
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NaAl0:-Si0, entirely as Si-0-(Si,Al) bridges, then fluorine
~must break oxygen bridges. It is clear from the viscosity

O

data for fluorine-bearing silica (Rau et al., 1977) that the
exchaﬁge of Si-0-Si bridges for Si-F bonds occurs with a
drastic change of melt viscosity (Fig. 4, inset). However,
for melts along the join NaAlO,~-Si0O,; the guestion is whether
Ai—O or Si-O bonds, or both, are the primary target for
fluorine substitution. Fluorine-free melts have decreasing
viscosities in the order albite > jadeite > nepheline, but
similar activation energies gﬁéebling , 19665. The magnitude
of the effect of fluorine on Loth,actiVation energies and
viscosities of melts on the join NaAlO,-Si0O, is a pbsitive
function of Si0, content. Figure 5 therefore supports the
proposal that the decreasing efficiency of activation energy
‘neductionowith decreasing Si0O. content is a result of the
decrease in the proportion of Si-OfSi bridges in Lhese
melts.

The three melts at 75 mole percent SiO, vary in Al/Na
 and their viscosities and activation energieg increase with
Al/Na. Apparently the addition of fluorinelééﬁmelts along
“this join eliminates the viscosity maximum at or near
Al/Na=1 for fluorine-free melts. Fluofine in the peralkaline
and peraluminous melts may be substituting for non-bridging

»

or bridging oxygens.

Breakage of Si-O-Si bridges can-also explain the effiii/

©

. of fluorine on’the viscosities of depolymerized melts suc

as those included in Fifjure 6. Melts shown “in Figure 6 have
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NBO/T ranging to 4.7 and thus are more depolymeriged than
the melts investigated in this study. Despite their
calculated values of NBO/T, the SiO,-poor melts probably
contain some bridging oxygens (Gotz et al., 1976; Smart and
Glasser, 1978). Reduction of viscosities by fluorine
addition to these melts may result from‘substitution of

fluorine for bridging or nonbridging'Bkygens.

-~

Comparison with water

Water has a s%}ong influence on'the viscosity of
silicate melts (Shaw, 1963; Friedman et al., 1963; Burnham,’
1964 ; Scarfe,'1973). The similar size and charge of F~ and
OH- ions encourage comparison of their effects. We would
prefer to compare the influences of water and fluorine on
identical melt compositions; however, the data do not exist.
Figure 7 contains g}scosity—temperature curves for dry and
wet rhyolites (ShaQ, 1963; Friedman et al., 1963; Carron,
1969), a wet pegmatite (Burpham, 1964), albite (Riebling,
1966) and fluorine-bearing albite (this study). Activation
energies,decrease similarly with addition of fluorine to’
albite and addition of water to rhyolite. This implies
similér roles fdr fluorine and water in the depolymerization
and resulting reduction of viscosity in these polymerized
_melts (Fig. 7). The magnitude of viscosity reduction is a-
much more difficult comparison. I1f we select a dry rhyolite

curve to coincide with the albite curve then the reduction



Figure 7. Comparison
polymerized melt
wt.¥%¥ of fluorine
sources. (S=Shaw,
S=Friedman, Long
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of viscosity (normalizea on a weight percent or mole pérQéan
baSié of added wafer or fluorine) is slightly'greatef'fb: |
theAaadition of water to rhyolite than féf the édditiohAofi
fluorine to albite. HoWeVef, récaliing the positive
relationship befweéﬁvSibzlcohtént'andthé viscositf-rédddiqg
power of f;ﬁorine (Fig. 5), it is likely that_comparison of
two rhyolifes rather.than_élbite-aﬁd rhyéiite.would remee
Ehis discfepancy (n0£e that con§értfng from ;eight'to mole
percent does n6t~sighificantly aiter;compaffSOQS‘betWeen’
fluorine and water as their molecular Qeights are 1910 and
18.0 grams/mole, respécfively).‘Thérefofe; thevéonclusioﬁ
from comparison of water and fluorine is that one.molé of
fluorine is structurally analogous to one mole of water in
depolymerizing highly polymerized melts. T?e equivalence of
the viscosity reducfiohs strongly implies.that H.0 and
fluorine disrupt an équivalent number of oxygen bridges when
incorporated in highly pqumerizéd melts. The effect of
fluorine on hydrous melt viScosities’cannot be discussed at
this time because, wigﬁ\ihe exceptidnvof the Hérding
pegmatite (0.33 wt.% F, 8.8 wt.%H,0), there are no data on
the Yiécositieg'of flu%ééée-bearing}hydrous melts.

Y

Geological applications.
Many volcanic rocks have anhydrous chemical
compositions very close to the compositional plane

KA1SiO,~-NaAlSi0,-Si0;. In particular, "average" compositions
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of phonolites, trachytes and rhyolites (Cox et al., 1979,
p.401) have values of K20+NazO¥A1203+SiO2 near 90 weight
percent. Thus the bulk physical properties of melts in the"
system K,0-Na;0-Al1,0;-Si0O, closely resemble the_properties
of these natural melts., Aiso, the moiar effects of K.0 and
Na,O on melt viscosities are similar and K,O+Na.0 (molar) is
a single parameter in Shaw's (1972) scheme for calculation
of natu:al.meit visgﬁsities. The molar equivalence of Na;0
and K,0 means that the system K;0-Na,0-Al,0;-SiO, may be
effectively reduced to the simpler system Nazd—Al;Oa—SiOz
that is used as a basis for this inéestigation. These
arguments allow application of these results to natural
melts. In the previous discussion, the importance of SiO;
_content in determining the ability of fluorine to reduce
viscosities was discussed. The observation that the
magnitude qf the reduction in‘vi;cosity is positively
correlated with‘SiOZ is illustrated in Figure 8, where’log,o
viscosity is plotted versus mole fraction §iO, for several
compositions. Rather than plot a mixture of experimental and
calculated viscositieé in Figure 8, all viscosities werer
calculated using the method of Shaw (1972). Figure 8 \/\W\
contains melt compositions expressed in terms of their mole
fraction of SiO,. All natural and synthetic melts were cast
into deéilicated norms (composed of Si0O,, NaAlO., CaAl.0,,
FeO, MgO, etc.) from which mole fractions of SiOz
($i0,/(Si0,+NaAlO,+KAl0,+CaAl,04,etc.)) were obtained. The

synthetic phonoiite, trachyte and rhyolite are anhydrous
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Figure 8. Application of experimental results to synthetic
and natural melts. The effect of fluorine content on
melt viscosity for rhyolites, trachytes and phonolites
at eruption temperatures near 1000°C. See text for
explanation. *
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projections of tqs 1 kbar thermal minima in the system
KAlSiOn-NaAlSiOAiSiOZ-HZO (Tuttle and Bowen, 1958; Hamilton
and MacKenzie, 1965) and the three natu:al compositions are
\"averages? from Cox et al., (1979). The linesﬁiabelled 1, 2,
3, 4zénd 5 represent viscosity decreases with weight percent
additions of‘fluorine that are derived from linear
interpolation of the data of this study. At an eruption
temperature of 1000°C the viséosities of phonolites,
frachytes and rhyolites containing 1 weight percent fiuorine
- will be approximately 0.25, 0.5 and 1 orders of magnitude
lower than the viscosities of equgvalent fluorine-free
melts. In comparison, strongly'peraiuminous or pefalkaline
melts will expefience a smaller influence of fluorine on
their viscosities. I\

The most dramatic effects of fluorine addition will be
felt in relatively dry, fluorine-rich,vhigh—silica
rhyolites. Pre-eruptionlﬁéger contents of many silicic
magmas may be lost during degassing immediately prior to
eruption (Sparks, 1978). Due to a high melt/fluid paftition
coefficient (Hérds, 1978), fluorine will be retained in the
melt; Fluorine remaining in ergpted lavas will maintain low
viscosities. In certain cases TTuorine may significantly
influence eruptive style enhancing fluid flow and strongly
reducing the pyroclastic component of a givén eruption.

\
Fluorine-rich topaz.rhyolites exhibit just such features

(Christiansen et al., 1983).

A}
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Fluorine-rich intrusivé rocks occur in a widé variety
of settings. The rates of crystal settling and bubble ascent
in such intrusions will be enhanced by high flﬁOrine
contents. The relatively dry magmas which form fluorine-rich
alkalic intrusives will experience reduced viscosities as
outlined above. The water-saturated emplacement of
fluorine-rich melts su;hias Li-F leuéogranites and
associated pegmatités (Bailey, 1977; Manning, 1981) may be
significantly more fluid-zﬁé.to an additive effect of _ |
fluorine and water on the viscosities of such mélts. At the
greater depths and lower temperatures associated with
water-saturated emplacement of leucogranitic melts the
distinction between low viscosity flﬁorine-rich,
water-saturated melts and coexistingkfluids may be
diminished. This distinction is the éubject of considerable
controversy regarding the magmatic or hydrothermal origin of
certain late-stage fluorine- and water-rich cupolas and

dykes (e.g. Kovalenko, 1973; Eadington and Nashar, 1978).

E. Summary and conclusions

It has been shown that the addition of fluorine to
melts in the system Na,0-Al;0;-Si0, strongly reduces
viscosities and activation energies. Viscosities® of
fluorine-bearing aluminosilicate melts are Arrheniah
functions of temperature. The viscosity-lowering efﬁéct of
fluorine increases wiqh increasing SiO, content aléng the

join NaAl0.,-SiO, and is a maximum at or near Na/Al (molar)

®
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=1 for melts containing 75 mole % Si0O.. The most probable
explanation for viscosity decrease is depolymerization of
melts by replacement of Si-0-(Si,Al) bridges with Si-F
bonds. When the effectsAof water and_fluorine are compared,
similar reductions in viscosities and activation energies
suggest similar mechanisms of melt depolymerization. The
most important implications of this work concern relatively
dry, crystal-poor, magmas of phonolite, trachyte and
rhyolite composition and their intrusive equivalents, both
wet and dry. Due to the activation energy decreases, the
viscosity—léwering effébt‘of fluorine will be greater at the
lower temperatufes associated with water-saturated
~emplacement of igneous melts at depth. It is possible that
the‘effécts of flubrine’and water might be additive,

resulting in extremely large viscosity reductions for

certain melts.



IIT. High pressure diffusion
6

A. Introduction

A knowledge of the transport properties of meits of
| geologic interest is required in order to model their
behaviof during petrogenetic processes. In particular,
cationic and anionic diffusivities in silicatg melts allow
us to relate time, temperaturé, and physical scale in
processes where diffusion is the rate-limiting step.
Examples of such ‘igneous processes include both melt-vapor
and melt-crystal interactions (e.gq. growth of zoned
minerals, vapor phase transport of dfssolved metals during
magma degassing, crustal assimila;ion) and intra-melt
procésses such as thermogra;itafional diffusion and
double-diffusive convection. |

Fluorine, like water, has a considerable effect on many
properties of silicaté melts ihcluding viscosities (chapter
1), phase equilibgia (Manning et al., 1986}, melt-vapor
partitioning (Hards, 1978), and, as discussed below,
componént diffusivities in the melt. The occurrénce of
fluorine-rich amphiboles and micas in the lower crust and
upper mantle (Smith et al., 1981; valley et al., 1982f and
the sugéestion that many relatively dry, fluorine-rich,””
melts originate from theée regions (Harris and Marriner,

1980; Burt et al., 1982) indicate the need for a better

understanding of the role of fluorine in melts at high

34
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pressures. Such considerations, along with the potential for
insighfs into thg structure of F- and H,0-bearing melts,
prompted this stuay.nJadeite melt was chosen for this study
because it has been used as-a model for polymerized silicate
melts in several studies (e.g. melt viscosity, Kushiro
(1976); oxygen diffusivity, Shimizu and Kushiro (1984);
cationic diffusivities, Kushiro (1983); Raman spectra,
Sharma et al. (1é7§), Seifert et al.‘(1982);'

fluorine-bearing melt viscosity, chapter 1).

¥

B. Experimental method 5
Ebe starting materials were (1) fluorine-bearing
jadeité-qiasg prepared from reagentjgrade sodium carbor te,
' aluﬁina, aluminum fluoride and purified quartz sand and (2)
jadeite giass prepared from a’ggl; dehydrated at 800°C for
two hours. These starting glasses were analyzed for Na, Al
and Si by énergy dispersive analysis using an ARL SEMQ
miéroprobé fitted witﬁ~an EEDS-ORTEC energy dispersive
spectrometer. Operating conditions were 15 kV accelerating
voltage,'4 naA sample cﬁrrent and 240 sec counting time. The
fluorine con;gnt of the fluofine-bearing starting,gléss was
determined b;yneutron activation analysis as described_in'
chapter 1. Analyses of the starting glasses are pfésgdtedgjn
Table 3.

The diffusion couple technique of Kushiro (1983) was

used for this study. Glasses were ground in an agate mortar



Table 3. Analyses of starting glasses*

E]ement'ﬂi

Jadeite = Fluorine-bearing Stoichiometric
' Jadei te Jadeite ’
- Na 11.17 ~11.33
Al 12.75 13.34
Si 26.72 27.79
0 43.00 47 .54
F 6.3 : -
TOTAL 99.94 . ‘ 100.00

*Na,:Al and S) determined by electron microprobe; F determined by
neutron activation analysis; 0 by stoichiometry.

Errors for microprobe data expressed as percent of the amount present
‘at 3 standard deviations: Na (4.3%), Al (2.0%), Si (1.0%).

Errors in fluorine analysis are + 0.1 wt% F at 1 standard deviation.

36
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N

and packed into (5 mm diameter by 8-10 mm’lengtﬁ)wplétinum
capgules using a tight-fitting, stainlesé steel téol. The
densgr, fluorine-free powder was packed into the cépsulés
first énd occupied the lower end of the vertical diffusion 
: céuple‘iﬁ all exberiments. Packed and crimped capsules were
dried at 800°é for 10 minutes and immediately welded. Sealed
capsules were packed with hematite powdg; info 3/&;}nch.
furnace assemblies with tapered gréphite‘heaters, which
red&ce the temperature gradient along the 10 ﬁm éapsule to
15°Ck(Kushirq, 1976). The hematite acts as a trap for any
water diffusing into the charge»from the assembly. The
assemblies were-stored in a drying oven at 110°C prior to
use. |

Temperatures were monitored with a Pt/Pt13Rh
thermocouple without any cofrection for pressure, and aré
believed accurate to better than +10°C. Pressures were
monitored continuously Qith a Heise gauge and were aécurate
to within #0.5 kbars. PresSure calibrations (Sy DTA) were
performed using the melting~§urve of NaCl (Clark, 1959) and
a pressure correction of -7% Qas applied to all runs.

Run durations were one hour with the exception of a
zero-time experiment and one 1/2'hour experiment (run
numbers 12 and 10 (Ta?le 2), respectively). The zero-time
experiment provided‘ééhfirmation of an ihitialiy flat .
interface. Runs were guenched by swi£ching off Ehe power to

the-heater resulting in quench rates of approximately

125°C/sec. Quenched runs (encased in coargely recrystallized
: .
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specular hematite) gere set 1n epoxy and sliced in half
longltudlnally The platlnum capsules preserved thelr
cyllndrlcal form with only minor necklng dur1ng the run.,
Thin sections of the charges vere exam1ned optlcally
reveallng colorless, transparnnt glasses with no crystals
(even for one run conducted below the llqu1dus of Jadelte at
1200°C and 15 kbars). The melt-coppleplnterfaces,were
optically invisible. i 'p A {, e R

The charges were analyzed after each ém%erlment~for Na,
Al and Si by the energy dlsper51ve technlque»descrlbed above‘
and for fluorlne by wavelength dispersive analy51s. Fluorlne'
a'analyses were standard1zed to a'sample of the oraglnal |
fluorlne bearlng ]adelte glass.rThls glass had been analyzedv

agalnSt NBS opal glass- SRM’#91 by neutron actlvatlon 4

analy51§ (chapter 1) The use of a fluorlne standard w1th
the same matrix comp051tlon as. the analyzed SampleSJ?,»
minimizes errors assoc1ated w1th poor ZAF correctlon factors
for fluorine, |

Wavelength dlsper51ve analy31s for fluorlne requ1red a,
- sample current of 40 nA to achleva;reasonable count rates _}
(approx1mately.40 cps/wt% F). Therefo;e, in order»to avo1d“
significant volatilization during flUdrine_analysis'thop _;7
techniques were emplqyed. In the first c;az, a point"beamh
was moved continuously, perpendlculqr to thefproflle,j -
"covering a dlstance of 50 micrometers 1n 100 seconds. In thef
Asecond case, the beam was rastered ove; 2 10 x 10 m1crometer

T

area,for 100 seconds. The fluoIine_totals normalized to the



39

standard were identical for both techniques and chart
recordings .showed that no significant volatilization of
fluorine occurred during the stationary analyses. Fluorine

(wpA) and Na, Al and Si (EDA) spectra were combined and

reduced using EDATA2 (Smith and Gold, 1979).

C. Results

This study ihvolveé ¢hemical difquion. Therefore,
before the data are discuééed and comparisons“ére made, we
must distinguish between three categories of diffusion,
na;ely, tracer, self and chemical diffusion. Self-diffusion
is the diffusion of a single chemical species in the absence
of a chemical gradient. This type of diffusion is usually
investigated by labelling some of the diffusing atoms with
an isotopic tracer (e.g. Shimizu and Kushiro, 1984). Tracer
diffusion is the diffusion of an individual Species in the
presence of a small but finite chemical grédient. The tracer
is usually a radioisotope (e.g. Watson, 1979) and the tracer
concentration is so small that no significant conceptration
gradients result for any of the other melt components,
Chemical diffusion is the diffusion of two or more species
in response to a chemical activity gradient (e.g. Kushiro,
,1983). Tracer and self-diffusion are practically equivalent
for natural melts and usually represent minimum

diffusivities for the components being studied because there

is no large chemical activity gradient to serve as a driving
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force for diffusion, The similaritf of tracer and
self-diffusion is evidenced by the fact that they are both
described mathematically by the single component form of
Fick's first and second laws (Crank, 1975; Hofmann, 1980).
In a general sense, chemical diffusion is a multicoﬁponent
phenomenon, but it may be approx?mated to a binary '
interdiffusion process when the chemical activity gradient
for all other species (and the resulting diffusion*of'thesf
species) is insignificant. For such cases, an effective
binary diffusion coefficient (EBDC) may be obtained (Cooper,
1968) and we may talk iﬂ‘terms of a binary interdiffusion
coefficient. | |

In the»p}esgnt study, QUantitative analyses for Na, Al
and Si revealed nb concentration gradients for these
elements, indicating that the diffusion.proces; could be
appro#imated by binary interdiffusion of fluorine and

. L
oxygen. Therefore, diffusion profiles of fluorine (Fig. 9)

were fitted to the following form of equation (Crank, 1975):

1

X  =erf '{2C -_(c]+C2)
2ot —
( -6

where D is the interdiffusion cbefficient (cm?/sec) , t is
time (seconds) and C, C, and C, are the concentration at
distance x, the maximum and the minimum concentrations of
fluorine, respectively. Erf-' is the inverse of the error
- function. The interface (x=0) was optically invisible_and,
therefore’, the half maxiﬁum of the diffusion préfile was



Figure 9. Diffusion profile of fluorine in jadeite melt.
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chosen to represent the interface. This choice was confirmed
by the fit of the error function (Fig. 10).'Identica1
diffusion profiles at several locations aﬁross each charge
ruled out the possibility of significant deformation of the
interface during individual runs, Plotting

erf ' ({(C-(C,+C,))/(Cy-C;)) vs. x (Fig. 10) yields linear
plots whose slopes equal?éJBz. A linear dependence of
erf-'((C~(C,+C,))/(C,-C;)) on x indicates tﬂat the diffusion .
process is independent of concentration. The values of D
obtained from each run are presented in Table 4,

The data of Figure 11 show_increéging diffusivity of
fluorine with increasing temperature. If we as;ume a linear
dependence of log D on reciprocal temperature, wé may fit
the data of %able 4 to an Arrhenius equation for each

pressure. The temperature dependence of diffusion is

represented by the following form of equation:

1og]0D = 1091000 - Ea/2.303RT

wvhere D is the diffusion coefficient at temperature T (K),
Do 1s the Arrhenius frequency/factor, R is the gas constant
and Ea is termed the Arrhenian activation energy of:
diffusion. The results of least squares fits to the data in
Table 4 are presented in Table 5, F-O interdiffusion
activation energies range from 36 to 39 kcal/mole.

The pressure dependence of diffusion may be linearly

approximated by an Arrhenius eqguation of the
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Figure 10. Reduced diffusion profile using equation (1) and .
data from fluorine-rich (triangles) and fluorine poor
(inverted triangles)ylimbs of the diffusion profile., The
slope corresponds to/2{Dt (Data from run no. 3).
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Figure 11, Diffuéion data for 10, 12.5 and 15

-logD (in cm2/sec)
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Table 4. Experimental conditions and results

Run  Temperature Pressure Duration Tlog by # of points

pera
( Q) (kbars) . (sec) (cmz/sec)
1 1400 15 3600 -6.18+.04 16
2 1200 15 . 3600 -6.87+.03 25
3 1300 15 3600 -6.394.01 33
4 1400 10 3600 - -6.15+.03 20
5 1200 10 3600 -6.87+.02 14
6- 1300 10 3600 -6.49+.02 18
7 1300 12.5 3600 -6.60%.04 17
8 1400 12.5 3600 -6.18+.01 9
9 1200 12.5 3600 -6.87%.05 9
10 1300 10 1800 -6.41+ .06 11
11 1400 10 3600  -6.27%.02 11
12 1300 10 0 - -
13 V10

1300 15 3600 -6.62+.03

uncertainties in log D are quoted at 1 standard deviation.
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Table5 . Arrhenius parameters

Pressure Ea log D0 # of points
(kbars)  (kcal/mole)

10 3612 -1.46%.3 5
12.5 : 3942 <1.18%.2 3
15 : 39+4 -1.12+.6 4
Temperature Va 1og'DO # of points
(°C) (cm3/mole) 3
1200 0.0  -6.8 3
- 1300 -1.4+.9 -6.36£.09 5

1400 0.9t1 -6.272.09 4
4 . / s

‘uncertainties quoted at 1 standard deviation

\
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form:

109,00 = Tog, Dy - VaP/2.303RT

where P is the pressure (dyne/cm?) and va is the
Arrhenius activation volume (cm®/mole)."Calculated values of
Va obtained from the least squares fits to the data for
1200, 1300 and 1400°C are présehted'in Tapie 5;-Tﬁe
activation volumes are small, with lérge uncertainties,
reflecting the extremely small pressure dependencé of F*d
interdiffusion. Therefore; a mean activation volume of =0.33
cm?/mole was calculated (based on all twelve data points)

assuming temperature-independence of the activation volume.

D. Discussion

Comparison with oxygen diffusion

Shimizu and Ku§hiro (1984) have measured oxygen
self-diffusivity in jadeite melt from 5 to 15 kbars and 1400
to 1610°C. They have reported self-diffusivities ranging
from 6.87 x 10°'° to 4.72 x 10°'° cm?/sec. These values are
E%ree orders of magnitude lower than the F-O
interdiffusivities at the same pressure and temperature and
this difference shows that the presence of aniomic chemical

activity gradients can result in a large increase in oxygen

diffusivity.



Comparison with tracer diffusion

Tracer diffusion of fluorine has been studied by
Johnston et al. (1974) in a eutectic composition in
Ca0-Al1,0,-Si0, that contains approximately 40wt% CaO, 20wt%
Al,0, and 40wt% SiOz, (CasoAl;oSise). The results of this
study are useful for a discussion of fluorine diffusivity
“because Ca ,Al;0Si4s0 represents a depolymerized melt which
has been well-studied in the gléss literature, and the
diffusivities of Ca, Al, Si, and O have been measured.
Figure 12 presents the results of tracer diffusion studies
on Ca (Towers and Chipman, 1957), Al (Henderson et al.,
1961), Si (Towers and Chipman, 1957), and O (Koros and King;
1962; Oishi et al., 1975) in CasoAl;:0Siso melt. It is clear
from Figure 12 that fluorine diffuses faster than any of the
othef species studied. Also, fluorine tracer diffusivity has
the lowest activation energy of any of the elements studied.
As stated above, chemical diffusivities are usually larger
than tracer diffusivities; however, the magnitude of tracer
‘diffusivity in Cas0Al;0Sise melt is remarkably large. The
obsefvétion that tracer diffusion in Ca,soAl;0Siso melt is
faster than chemical diffusion in jadeite melt implies a

stréhg composition dependence of fluorine diffusivity.
{ .

.
Comparison with Si-Ge and Al-Ga interdiffusion

¥ashiro (1983) has investigated Si-Ge and Al-Ga

inter¢ ‘fusion in jédeite melt from 6 to 20 kbars at 1400°C.



49
Figure 12, Tracer diffusivities of various ions ih

lime-aluminosilicate melt (see text for data sources:
higher oxygen diffusivity data is from Koros and King,

1962).
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A marked asymmetry.is observed in Si-Ge and Al-Ga
interdiffusion profilesvindicating a strong dependence of
Si-Ge and Al-Ga interdiffusivities on si/(si+Ge) and |
Al/(Al+Ga), reEpeétively (Kushiro, 1983). Comparison of
these interdiffusion data with the data for F-O
interdiffusion at 1400°C and 15 kbars shows, as expeéted,
that F-O interdiffusion is much faster than either Si-Ge of
Al-Ga interdiffusion.

'Rushiro (1983) did not investigate the temperature
dependence of cationic interdiffusion, but he showed that

the pressure dependence of Si-Ge interdiffusion was much

.

N
larger than the pressure dependence of Al-Ga interdiffusion.*

Figure 13 is a plot of the Arrhenius activation volume, Va
(cm‘/méle), versué the ratio of the ionic volumes of the
interdiffusing‘Species. The ioﬁiq volumes were calculated
using ionic radii from Whittakercénd Muntus (1970) for O, F,
,‘Al, si, Ga, and Ge. The Va data are least squares fits to
"the 14005C data from Kushiro (1983) for Si-Ge andiéiqﬁa
interdiffusion and the mean‘value oj Va for F-O \
interdiffusion from this study. fE\ié apparent in Figure 13
that the relative sizes of the interdiffusing species are a
1a;ge factor in dete;mining the pressure dependence of, \
intefdiffusion. Théréfpre,iit is anticipated that the L
pressure dependence of interdiffusion contains litfle, if"‘
any, information on the préssure dependence'of

N

fusion,
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Fidgure 13.- Pressure dependence of F-O, Al-Ga and Si-Ge

' interdiffusion, Activation volume (Va) versus the ratio
of ionjic volumes of the interdiffusing species (symbol
size corresponds to 1 standard deviation uncertainty in
the Va data for F-O interdiffusion). Inset, The relative
pressure dependence of F-O, Al-Ga and Si-Ge
integdiffusicn (Al-Ga and Si~-Ge data from Kushiro,
1983). N , ‘
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Compensation relationships

Figure 14 is a plot of the frequency.facfor versuakthe
activation energy of diffusion. Figure 14 will be used for,
two purposes; firstly, for a discussion of the.cortelaciony
befween frequency factors and actiQation energies'(i.e. |
compensatlon) and secondly, to illustrate the effects of
‘fluorine and water on cationic d1ffus1v1t1es 1n szllcate
melts. For the dlscu5510n of compensation reference wlll be
made to the lines labelled 1 through 5 and the data for F- O o
1nterd1ffu51on (open c1rcles) and H,O chemlcal dlfoSth
(SOlld c1rc1es).‘The inset and cat1on1c_d1ffu$4v1ty»data in .
vFiéure 14 will he discussed in the nent section. =

Winchell and Norman (1969) flrst showed a p051t1ve
correlatlon between the frequency factors and actlvatlon
energies of various cationic diffusivities in Ca.onléos;;§
melt (Fig. 14; line 2). From this correlation’they defined;a.
compensation "la?" for sillcate melt diffusivities which B
Winchell (1969) extended to other synthetic mélta | |
compositions. Hofmann (1980) proposed an equivalenc o
- relationship for basalt and obs1d1an melts 1ncorporat1ng
cationic and oxygen dlffu51v1ty data (11ne 4). Hart (1981)
d15t1ngu1ahed two separate compensation laws, one for basalt
melts (1inedl),fand one for obsidian meltsl(line Sl,}and
finally, Dunn (1982) grOPOSed a compensation law for ;afious\
synthetic silicate melts based on oxygen difquivitiea (line

3). The most important physical impl;ﬁatlon of compensatlon'

in 5111cate llqulds is that all melt d1ffu51v1t1es converge
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Figure 14. Compensation plot for silicate melt diffusivities
showing 1) data for H,0 chemical diffusion (Karsten et
al., 1982; solid circles)and F-0 interdiffusion (this
study; open circles) 2) compensation laws (solid lines)
3) cationic diffusivities in dry, fluorine free melts
(squares); in hydrous melts (triangles); and in
fluorine-bearing melts (diamonds).
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. at a unique temperature (T criticalnor Tc), which may or may
not be attained in nature. The 1mp11catlons of such behav1or
are discussed at length by Hart (1981). Also, compensatlon
plots provide a test 6f the consistency of diffusion dags.
for a given melt composition. Figuré 14 is a compensation
plot which includes the results of this study for the
chemical diffusion of fluorine and théjresulﬂstof Karsten et
al.'(1982) and Deléney and Karsten (1981) for the chemical
diffusion:bf water. It is clear in Figgret14 that the
fluorine data of this study may be included equally well
~within any ofzthe compensation law relationships except the
obsidian curye of Hart (1981). The same conclusion is
evident for fhe H,0 data. The agreement of the fluorine and
water dataawith the Eompensétion laws for depolymerized

_ melts (lines 1 to 4) suégests that watér and fluorine

depolymerize obsidian and jadeite melts, respectiveiy.

Effect of water and fluorine on cationic diffusivities
Figure 14‘emphasizes a second and very important aspect
of fluorine and water in silicate melts. Included in Figure
14 are data on the effects of water on~Ca, Na and Cs
diffusivities (Watson, 19@13 and fluorine on Ca and Fe
diffusivitiés (Johnston et al., 1974). The influences o{/
water and fluorine on cationic diffusivities are large.(Ail

cationic diffusivities investigated increase when either

water or fluorine is added to the silicate melt. In moSt ‘f
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cases, the increased diffusivity yields a léwer activation
energy and frequency factor (log1:D§) and, in these cases,
the Arrhenius relationship for‘cationic diffusivity
describes a line which rotates about a critical temperature,
Tc (Fig. 14, inset, case A). This behavior produces a trend
~on the compensatidn plot which is sub-parallel to the
various compensation relationships. In Figure 14, several
cationic diffusivities are affected in this manner (e.g.
increases in Ca and Fe diffusivitie§ in fluoriﬁe—bearing
melt and increases in Cs and Na diffusivities in hydrous
~melts). The behavior of Ca in hydrods melt is somewhat
anémalous because the increase in Ca diffusivity takes the
form of a bulk translation of the Arrhenius line (Fig. 14,
inset, case B) yielding a lower activation energy but a
higher frequency factor. However, the trends of Ca and H:;O
diffusivity with increasing water content are similar (Fig.
14). Regardleés of the mechanisms responsible, .increased
diffusivity of cations with addition of fluorine or water to
silicate melts has significant implications for the roles of
fluorine and H,0 in establishing chemical equilibrium during

igneous processes.

Geological applications
Jadeite mélt has a highly polymerized structure similar
to natural melts whose compositions are approximated by the

system nephelihe—kalsilite-silica (Seifert et al., 1982).
(‘ -

|
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Relatively dry, rhyolitic, trachytic and phonolitic melts
often contain up to 1 wt% fluorine (Carmichael et al., 1974;
Bailey, 1977; Christiansen et al., 1983). The presenf
diffusion data provide information on a véry important
aspect of the petrogenesis of relatively dry, felsic melts.
It has been observed experimentally that dry or
water-undersaturated melts of rhyolitic and~feldspathig
composition have extremely slow equilibratidn rates -due t&
low diffusivities in the melts'(Schairer, 1950; Piwinskii,
1967; Whitney, 1975). Johannes (1978, 1980) has proposed
that even water-saturated granitic melis have equilibration
rates, below 700°C, which are low enough to yield metastable
melt compositions in nature. Considering.the dramatic effect
of fluorine on diffusivities in silicafe melts, the presence
of fluorine in dry rhyolitic mélts\could be a crucial factor
in determining the rate of establfﬁhment and the physical
extent of chéhidal equilibrium during anatexis in the lower
crust.

Fluorine increases cationic diffusivities in
depolymerized melts (such as CaaoAl:oSiso; Johnston et al.,
1974). Therefore, perhaps fluorine is capable of increasing
diffusivities in melts which are already depolymerized due
to dissolved water. This potential additive effect of
‘fluorine and water on the diffusivities of various cations
in late-stage, water-saturated, granitic melts may yield

exceptionally high melt diffusivities.
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E. Summary and conclusions
The chemical diffusion of fluorine in a jadeite melt
involves binary interdiffusion of fluorine and oxygen. This
interdiffusion is concentration independent, in contrast to
Si-Ge and Al-Ga intérdiffusion in jadeite melt. High
temperature fluorine diffusion, both chemical and tracer, is
equal to, or greater than both cationic and oxygen diffusion
in fluorine-free melts. The chemical diffusivity of fluorine
“in jadeite melt is similar in magnitude to the chemical
diffusion of water in obsidian melts; however, melt
compositional dependence of fluorine diffusivity precludes a
direct comparison of water and fluorine diffusivities at
this time. The chemical diffusion of fluorine has an
Aféhenius activation energy of 36-39 kcal/mole compared with
19 kcal/mole for chemical diffusion of water in obsidian
melts and for tracer diffusion of fluorine in CaaoAIZOSino
melt . The results fit several of the compensation "laws"
which have been proposed for quantification of cationic and
anignic diffusivities in depolymerized silicate melts. A
significant effect of fluorine on melt diffusivities is that
cationic diffusivities are enhanced by the addition of
fluorine to silicate melts. This behavior is also obserQed
{/f/ﬂmXWhen water is added to silicate melts. The effect of

fluorine on melt diffusivities may be a important factor in

the chemical equilibration of dry, igneous melts.

A

.
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IV. One atmosphere diffusion

A. Introduction

In chapter 2, the comparison of fluorine diffusivity in
the ;ime—aluminosilicate melt'and jadeite melt indicated |
that the value of fluorine diffusivity may be stfongly
dependent 6n melt composition. The experiments in this
chapter were conducted to 1) investigate the melt
compositional dependence of F-0 interdiffﬁsivity; 2) further
investigate the pressure dependence of F-0 interdiffusidn in
jadeite melt and 3) éompare the chemical diffusivities'of
water in obsidiqp and fluorine in glbite'aﬁ'low pressure.

The volatilization gf fluorine from silicatevmelté'has
been investigated by several wdrkers using'weight loss and
bulk chemical analysis techniques (Kumak et al.; 196%}
Barlow, 1965; Kogarko et al., 1968; Al—Duiaimy, 1978). The
present study uses the relatively high volatility of
fluorine in melts in the system Na,0-Al;0,-Si0, to

inﬁéstigate fluorine diffusion.

B. Experimental method

The starting materials for this study were the giasses.
used for the viscometry work in chapter 1. Chips of glass
were ground into spheres<( 2-4 mﬁ in size) ﬁsing the
techhique of Bond (1951). Spheres of glass,werévsuspénded
(with white glue) from platinum loops in an |

electrically—heatéd veftical tube furnace, equipgedgwith a

58
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gasftight alumina muffle tube. An "infinite" O, gas
reservoir was maintained during the experiments by ffowing
oxygen gas through the furnace at a linear flow rate of 0.10
cm/sec. Temperatures were contrélled using a Pt-Pt13Rh
thermocouple which was zyspended close ;to the spheres. Three
spheres were run at each temperature for each composition.
The experiments ranged in duration from 1200 to 19,200 sec.
and melt spheres were quenched in air by removal from the
furnace. Quenched melt (glass) spheres were removed from the
ceramic hanger, ground in half,vmounted in epoxy and
polished for electron microprobe analysis. In rare cases
where the glass beads d?formed from spherical shape, due to
improper loop size or mounting, the runs were discarded.
Generally, épheribal shape was extremely well-preserved.
Some runs exhibited surface bubbles, presumably due to vapor
formation near the melt-O, interface. These bubbles did not’
interfere significantly with the following analysis because
the bubbles were restricted to a thin surface layer (see
below). |

Analyses of the concentration profiles were performed
using an ARL-SEMQ electron microprobe. Operating conditions
for the scans of Na, Al and Si were a 15kV accelerating
voltage and a 4 nA sample current with the beam rastered
over a 10 by 10 micron area. Fluorine scans and step
analyses required a sample current of 40 nA to achieve °
reasonable count rates (approx. 40cps/wt% F). The

quantitative analyses for fluorine were 100 sec counts using

/\



a rastered beam as for Na, Al and Si.

Wavelengthwdispersive scans for Na, Al, Si and fluorine
(Fig. 15) show two basic features. Firstly, the
concentration profile of fluorine e%tends (over several
hundred microns) fr%m essentially zero concentration at tﬂe
sphere edge to a plateau corresponding to the originai
undepleted fluorine‘concentration of the melt. Secondly, the
concentrations of Na, Al and Si are constant over almost the
entire fluorine depletion zone except within 30-50 microns |
of the sphere edge. |

Quantitative analyses of fluorine content Qere obtained
by Standardizing the raw counts from step scans across each
sphere to the undepleted central zone of the sphere. The

exchange of up to 6 wt.% fluorine for oxygen has no effect,
within error, on the fluorine ZAF corre¢ti?n. Consequently,
after background correction, raw counts from step traverses
to the edge of each sphere could be‘nQ?malized to the cdunts
from the center of each sphere to obtain guantitative
fluorinevanalyses. m |

The 30-50 micron wide "surface laﬁ?&" of Si depletion
and Na+Al enrichment.strongly suggests the escape of 1\\\
fluorine from the melt surface is as SiF, gas. fhis
observation is corroborated by previous studies of fluorine
‘volatility in dry systems at 1 atmosphere (Kumar et al.,

1961; Barlow, 1965; Al-Dulaimy, 1978).

{



Figure 15. Microprobe scans for Na, Al, Si and fluorine
across sphere edge.
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C. Data redqu;gn

The constant levels of Na, Al and Si inside’%he surface
layer mean that bulk diffusion of fluorine-to this layer may
be treated as binary F-O interdiffusion. The mathematical
treatment of diffusion for these experimentsAis for a
one-dimensional semi-infinite medium (Crank, 1975; p,35-38).
The chemlcal activity gradient which serves as the dr1v1ng
force for chemical diffusion is quantified by the "reduced
concentration" term (C-C,)/(Co~-C,) where C is the measured
concentration along the profile, C, is the initial '
concentration in the melt, and C, is the concentration in
the gas phase. This eQuation holds equally well fbr the case
of absorption into a semi-infinite meit medium from a gas
phaée (e.q. £he hydration experiments of Shaw, 1974) as it@
does for the present case of désorption or volatilization.
In ;hese volatilizatign experiments, Co = 0, becauée the gas
phase is essentially purekoz gas. Therefore, the réducéd
concentration term simplifies to 1 - C/C,. In the case of
cbncentrationiindependgnt diffusion, the eguation relating
the diffusion coefficient (D), distance-(x), and time (t) is

as follows:

- érf"](C/C])

‘x

~N
s&f«“"]

.
where erf-' is the inverse of the error function and x is

the distance from the melt-vapor interface. In practice,

plots‘é% erf-'(C/Cy) vs. x yield straight lines whose slopes

o
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equal 1/(2JB€). A.typical plot is shown in Figure 16,

D. Results
The experimental results are summarizgd in TaEle'G and .
plotted versus reciprocal temperature in Figure 17. The .

temperature dependence of F-O interdiffusion is fitted to

Arrhenius equations of the form:

109100 = log]OD0 - Ea/2.303RT

where D is the diffusivity at temperature T, Do, is the
pre-exponential or "frequency factor", R is the gas constant
and Ea is termed the activation enérgy of F-O
interdiffusion. The Arrhenius parameters, log,oD, and Ea,
for eachmmelt composition are listed in Table 7.

The i;;;kdiffusion of fluorine and oxygen in the system
_NazO—A12034Sioz is strongly dependent on melt composition.
At 1400°C, F-O interdiffusion increases over two orders of
magnitude in meits along the join NaAlQ,-SiO, from albite
(logioD = -8.46) to nepheline (log,oD = -6.26). F-O
interdiffusivity also varies strongly with alkali/aluminum
ratio. At 1200°C and 75 mole % SiO,, the diffusivity of .
fluorine ih albite is élower than in the peralkaline 'and
peraluminous melts. N

The activation energy of F-O interdiffusion ipcreases
along the join NaAl0,-SiO. from albite (29 kcal/mole) .

through jadeite (34.4 kcal/mole) to nepheline (42.4
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Figure 16. Results of the time series experiments on jadeite
melt at 1200°C,
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Figure 17. Results of the 1 atm diffusion experiments
(asterisk denotes experiments conducted below the
liquidus of the fluorine-free melts; square symbol
denotes data for the peralkaline melt).
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Table 6 ilExpgrimental conditions and results '

-

Composition  Temperature Duration  =log,oD . # of expts.

(Celsius) (min) (em?/sec)
-Jadeite 1200 - 10-320% o 7.62 7
: 1300 - 3600 - 7.24 3
- 1400 i 1860 o 7.0 3 .
Albite 1200 - 6900 8.98 . 3
1300 © 7680 8.84 3
. 1400 7200 8.46 3
Nepheline - 1200 . 1820 .. 7702 3
1300 1380 6.74 3:
R L 1400 - 3140 " 6.26 3
Peraluminous - 1200 11280 8.50 .3
. 1300 . 7560 7.98 3
. 1400 7680 7.74 3
Peralkaline. - 1200 4260 - , 7.40 3
W¥

* Results of a time series of seven experiments (see figure
16) -uncertainty in -log,oD is estimated to be 0.1 log
units based on the standard deviation of theiseven time

' series experiments in jadeite at 1§OD°C.

%

S o @E':,. S R
Table 7 @ Arrhenius-parametersggor 1 atmosphe€B\P~O_ L
interdiffusion- - © : L

o :f . S - _ £ .
-~ o : ' F ' )
- Composition - log,oDe ° . Ea
' }p © U (in cm?/sec) (kcal/mole)
Albite = . -4.74 28.9
Jadeite .. . =2.50 34,4
Nepheline - =0.77 - 42.4

hPeralumihQus : -2,09 43.0
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v‘ . ¥
kcal/mole). If the trend of decreasing diffusivity with SiO;

content extends beyond albite along the join NaAlO;-5i0,
then the F-0 interdiffusivity measured for albite may be

taken as an upper limit on F-0 interdiffusivity in obsidian

melts.

E. Discussion
: e TN

Comparison with viscosity data \

The suggestion that similar mechanisms and species may
" control the viscous flow and diffusivities in silicate melts
has led several investigators to examine the validity of the
Stokes—Einstein equation which inversely relates viscosity
and diffusivity (waﬁson, 1979; Hofmann, 1980; Jambon, 1982;

Burnham, 1983; Shimizu and Kushiro, 1984). It is:

Dn = KbT/6M1r

where Kb is the Boltzmann constant and r is the radius of
‘therdiffusing species. This form of eguatiqn predicts a
linear inverse correlation between log D and log n. It‘has
. been generally conciﬁded that the Stokes-Einstein
felationship is qualitatively invalid in relating viscosity
and ne;work-médifying catio&ic diffusivities in silicate
melts (&inchell\and Norman, 1969; Magaritz and Hofmann,
1978: Watson, 197?; Hofm?nn, f980; Jambon, 1982; Angell et

3

al., 1983). However, for the case of oxygen diffusioh,

!
-
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~and Kushiro (1984) have stated that an‘inverse correlation
with viscosity is well approximated by the Eyring form of
the Stokes-Einstein equation. The success of ahy eguation
which inversely relates viscosity and oxygen diffusivity
strongly implies that the same stfucturallupit and mechanism
are involved in both transport processes. Dﬁnn (1983) has
recently shown that 07" is probably the dominant species
involved in oxygen diffusion in basaltic melts and Shimizu
aﬁd Kushiro (1984) argue that the viscous flow of jadeite
and diopside melts is controlled by the diffusion of

N

individual- 0*- ions.: .

The conclusions of this study regarding the application
of the Stokes-Einstein equation to F-O interdiffusivity are
’ negative. Correlation of log n versus log D is very poor.
Qualitatively; we would expect this result because the
viscosity of these melts is a strong function of fluorine
content but the F-O interdiffusivity is not. There is‘even
an increase in F-O interdiffusivity with increasing
viscosity from the albite-to the peraluminous melt. Clearly
the presence of fluorine in these melts removes the
applicahility of the Stokes-Einétein equation to the

L4

diffusion of oxygen.

Pressure dependence of F-O interdiffusion in jadeite melt
The results of this study for jadeite melt &re compared

with the high pressure data of chapter 2 in Figure 18. F-O

interdiffusivity clearly increases With>pressure:from 0.001



Figure 18, Pressure dependence of fluorine diffusion in
jadeite melt.Inset: Pressure dependence of activation
enerqgy for F-0 interdiffusion.
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to 10 kbars, as does oxygen self-diffusion (Shimizu and
Kushiro, 1984). The lines are interpolations based on the
assumption of a smoothly decreasing pressure dependence with
increasing pressure. In fact, Dunn (1983) has shown that the
pressure dependence of oxygen chemical diffusivity in
basaltic melts is discontinuous in the pressure range of 1
to 10 kbars whereas, Shimizu and Kushiro (1?84) show a
smoothly increasing self-diffusivity of oxygen in jadeite
melt in the pressure range of 5 to 20 kbars. This contrast
may result, in part, from comparison of chemical and self
diffusivities and thus the pressure dependence of F-0
interdiffusion in jadeite melt is difficult to discuss in

‘structural terms.

Comparison with water

The comparison of the chemical diffusion of fluorine
and water is interesting for two reasons. Firstly, the |
géological significance of fluorine in natural melts was
discussed in chapter 2. It is clear that relatively dry,
fluorine-rich geological melts do exist and their kihetic
.behavior requires investigation and comparison with that of
wet melts. Secondly, the structural comparison of fluorine
and water in chapter 1 led to the conclusion that the
depolymerizing influences of fluorine and water have very
similar effects on the viscosity of silica%e melts.

Chemical diffusion of water in natural silicate melts

has been investigated by several'workers (Shaw, 1974;

(



71

Friedman and Long, 1976; Arzi, 1378; Jambon et al., 1978;

| Delaney and Karsten, 1981; Karsten et al., 1982). Ip Figure
19, the data for the chemical diffusion of fluorinefin
albite melt are compared with the available data for the
chemical diffusion of water in obsidian melts. Although the
comparison of data in Figure 19 involves melts of albite and
obsidian éomposition both\represent relatively polymerized
melts with alkali/aluminum {molar) ratios at or near 1:1.
The comparison of Figure 19 uses 1 atmosphere data for
fluorine and 0.1 - 2.0 kbar data for water diffusion. With
these provisions in mind, thié comparison is discussed
below,

The chemical diffusivity of fluorine in albite melt is
‘approximately two orders of magnitude less than that of
water in obsidian melt. Considering the composition
dependence of fluorine diffusivity observed from nepheline
melt to'albité melt_(Fig. 17), the'difference between
fluorine and water difggggyities in obsidian is probably
even larger. The tempeiature dependence of fluorine
diffusivity yields an activation energy of: 29 kcal/mole in
albite melt compared with an activation energy of 19
}\kcal/mole for water diffusion in obsidian (Delaney and
Karsten, 1981). Such differences in diffusivity and
activation energy may result from different mechanisms of
diffusion for water énd'fluorine in these polymerized melts.
Qualitatively, these differences imply that if F- is the

principal diffusing species, as is suggested by the binary

~
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Figure 19. Chemical diffusivities of flﬁoriné in albite melt
and H,0 in rhyolitic melts. (see text for data sources)
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hature of interdiffusion of fluoriné and oxyden, then water
is probably not transported principally as OH", the
monovalent anion of similar size. Conve;Sely, if the &»
diffusion of water is as OH-, then the species involved in
fluorine diffusion might be a largér complex such as AlF¢°-
(Manning et al;, 1980) .

Perhaps the most significant difference between the
diffusive behavior of fluqrine and water is fhe
cohcentraﬁion dependence of the chemical diffusion of water
in obsidian melt contrasted with the concentration
independence of fluorite diffusion in all melts}investigated
in this study. The concentration depenidence of water
diffusivity in obggaian melt has been most recently
investigated by Deianey and Karsten;(1981) and Karsten et
al. (1982). These workers state that the activation energy
of chemical diffusion of water remains constant while the
frequency factof (log Do) increases with water
céncentration. This increase has been interpreted (KarSten
et al., 1982) to result from an increase in the average jump
distance associated with the diffusive mechanism. Karsten et
al. (1982) further propose that the concghtration dependence
of water diffusion results from the occurrence of at least
two distinct solution sites for water in obsidian melt whose
relative occupéncies'chénge with Qater concentration,

In_addiéion, the concentration dependence of water
diffusivity,}combined with the effect of water on melt

<viscésity, permits application of the Stokes-Einstein
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equation to melts of constant composition and varying water
contents (Burnham, 1983). The concentration independence of
fluorine diffusién contrasts strongly with the behavior of
water and suggests that a single structural site is entirely

adequate to explain the observed diffusive behavior,

Diffusion mechanisms | . o

From a éombinatidn of data ‘of viscosities and
diffusivities in F- -and H,0-bearing melts, (chapters 1,2 and
above) it iskapparent that the effects of fluorine and water
on melt viscosity are similar, whereas their diffusivities
are considerably different. The viscometry data implies
similar Structural roles for fluorine and water within
polymerized §i_licate melts, probably the reblacement of
§i-0-(Si,Al) bridges with (Si,Al)-F and (Si,Al)-OH,
respectively, ' . ;

The diffusivigg data, in contrast, highlight several
differences in the transport of fluorine and water in these
melts. #Fluorine exchanges with oxygen via a mechanism which
is independent of concentration and‘strongly dependent on
melt composition. The exchange is effectively binary,
probably without the involvement of any cations.

Water, in cdntrast,}diffuses in polymerized melts at a
rate which varies‘with water concentration. Karstgn‘et al.
f(1982) have reported prelimi;ary evidénce of ﬁTéﬁd possibly
Na concentration gradients prsduced during chemical

diffusion of watér, These alkali concentration gradients
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suggest that interaction of water and alkalies may be an
essential characteristic of chemical diffusion of water in
these melts. The albite-H,0 water soiubility model of
Burnham (1975, 1979) does predict alkali transport during
the solution of water in albite melt.

Figure 20 presents tracer diffusion data for Li, Na, K,
Rb and Cs (Jambon, 1982) and chemical diffusion data for
water (Fig. 6 in Hofmann, 1980) in obéidian melts, as well
as chemical diffusion data for fluorine in albite melt (this
study). The diffusivity of alkalies in obsidian melt ,
- increases smoothly with decreasing ionic radius from Cs to
Na. However, Li diffuses at essentially the ;gme rate as Na.
Jambon (1982) has interpreted the equivaience.of Na and Li
diffusﬁvity to result from the control of Li diffusivity by
the structure and mobility of the matrix or neighbduring
cations with which Li will interdiffuse. Thus, in wbsidian
melt, the diffﬁé@on of Li may be controlled by the mobility
of Nal(Jamboﬁ, 1982). in Figure 20, it is evident that the
chemical diffusivity of water, unlike that of fluorine, is
very similar to the tracer diffusivity of Na (and Li).
Perhaps the diffusfon~of hydrogen-bearing species ip
obsidian is controlled by the mobility of Na via an alkali
exchange reaction similar to that degcribed by Burnham
(1975) for waﬁef solubility;‘ﬁ? |

N

B
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Figure 20. Alkali tracer diffusivities in obsidian melt
compared with chemical diffusivities of fluorine and
water.
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V. Water solubility
A. Introduction ,

Tﬁ% splubiliéy'of water in granitic liquids of various
compositions is a crucial property influencing the - |
petrogenesis of intrusive and extrusive silicic rocks (e.g.

Wyllie, 197%; Burnham, 1979). The dependence of solubility
on melt composition is especially important during
crystallization of granitic intrusions. Saturation of
tesidual melts results in boiling phenomena closely
’associated with Cu-Mo porphyry systems‘and ;ariouﬁ
pegmatites. The explosive eruption of magmas aéy be
triggered by energy released du}ing the expansion of a vapof
phase evolved from melt; (é.g. Sparks et al.,~1977; Harris, |

‘ 1981b). Numerical models fof,ﬁhe evolutiqn of vaﬁor (e.q.
Wilson et al., 19%;) from grénitic liquids at low pressures
require detailed knowledge concerning thé effects of

. compositidn and pressure on tze solubilitﬁ of water in such
melgs.

-The solubility of water in gréniticjmelts has been the
topic of several experihentalﬁstudies; however, there‘is ﬁo
consensus on the results or their interbretation (e.q.
Oxtoby gnd Hamilton, 1978b; Day and Fenn,'19§2).‘These
previous Solubility_determinatidns may be @ivided,proadly

~into two categories: those using chemographic or phase
vequilibrium téchniques (Burﬁham and Jazhns, 1962; Fenn, 1973;
Whitngy, 1975, Voigt et al., 1981) and;thoSé usiﬁé a weight

LS
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\loss method (e.g. Goranson, 1931, 1938; Bowen and Tuttle,
1950; Yoder et al., 1957; Orlova, 1963; Oxtoby and Hamilton,
1978s). Solubility data obtained by such techn}ques wers
reviewed by Day and Fenn (1982) who discussed the

(assumptions and limitations associated with each method. A
new capac1tance manometrlc technique for micro-determination

"of H,O evolved from vacuum fusion of glass (Harrls,.1981a)
affords a method faor measuring H,0 released from
experimentally quenched'vapbr-saturated,melts prepared as
glass wafers free of fluid-filled vesicles. By ‘using this
technique the solubility of water in haplogranitic melts in
the system K,0-Na,0-Al,0,- SlOz has been determ1ned

The other unique aspects of this work are : (1) the |
study of haplogranitic melts to bridge the gap betweenlmeyts

of feldspar composition and natural ‘granitic liquids; (2)'

-

the precise measurement of wéter solubility at up to fourx
pressures in the range 1-2 kbars and»determinatioh-pf the
pressure depehden%g for two composit}ons} and (3)
invpstiéation of the effects offincressing peralkalinity'bnr
vater solubility at 1 kbar. The effects of compésition and -
pressure on the solubilftj of H, O'aré'esséntial‘for'
'understandlng the petrogene51s of silicic plutonlc and

volcanlc rocks.

78.
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B.lExperimental and analytical procedures

The glasses used in the hydrorhermal runs were
synthesized from reagent érade Nazcoa, K,CO,, AlgogE and
Si0, by using standard techn}ques~desdrihed by Schairer and
'Bowen (1956). The composirions,of the anhydrous glasses used
as starting materials (Fig. 21) were deternined by electron
'microprobe.ﬂ | : ! - : g

Synthetic.vapor saturated-melts were produced )
hydrothermally Twenty- five to Eifty mllllgrams of powdered
glass were adde; to 10 to 20 mllllgrams of tr1ple distilled"
water in 3 mm Pt capsules and welded .The capsules were
checked for possible leakage by testlng for we1ght lOS&Wiﬁ
after drying in an oven at 11&°C for 15 minutes. Sealed

capsules were loaded into cold-seal pressure vessels and~

Wt

raised to the desired run pressure "by u31ng an air- drlven
hydraullc pump Pressurlzed capsules were heated to the run
temperature (800°C) by using Kanthal-wound res;stance
furnaces mounted concentrﬁcally about the‘veSSels‘along,afv
‘vertical axis.;Té;PeratureSVWere monitored with ' "
Chromel-Alumel thermocouples and’the'actual-teﬁperatures‘are;
believed aceurate to iS‘C.APressures were measured with | \\\
Bourdon-tube gauges’previously,caiibrated wlth a Heise

_ gauge.‘All run d%rations were‘JO‘ﬂseconds._Theldharges were
quenched isobarically‘byAUSing‘compressed air. Pressure was
-malntalned during the quench by opening the vessel to the

pressure line and by pump1ng for the, duratlon of the- quench

Ow1ng to the response t1me of the pump there were sllght

&
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Flgure 21,
K20-Na,0-A1,0,~-5i0, (1 kbar phase equilibria data. from

Al

Melt compos1t10ns in the system e
Tuttle and Bowen (1958) and Hamllton and Macxenzle S

(1965))

FIES) . .
- ' oL &
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fluctuations in pressure during quenching. These

\
fluctuations were monitored and are included in the pressure
uncertainties 115ted in Table 8. Except for water, the

comp051tlons of the hydrated glaSQSj-zete determlned by

electron microprobe (Table 8). All of the “glass

compositions, when recalculated H,0-free and normalized to

.100%, are within Shalytical error of theigurespectiOe

‘ : . 4
anhydrous starting compositions. o

The quenched run products consisted of vesicular glass
free of microlites. The'vesic}es cohtaihed iiquid water and
an enclosed vapor bubble and indicate that the charges were
fluid-saturated during the experiments. It ie extremely
difficult to aéCUFately estimate the volume fraction of
vesicles in the run products. This difficnlty was a;oided by
preparétien of vesicle-free glass wafers.

Polished glass wafers free of occluded fluids were
prepared manually from the experimental chérdes. The .
resulting wafers were typically 40-100 micrometers td&ck,
depending upon the -sizes and locations of vesic;es within
the glass wafer. Absence of occluded fluid vas established

by transmitted light m1croscopy at 200X magnlflcatlon. The

glass wafers were llberated from the Canada balsam mounting

media by using acetone. The wafers yere vashed"

t

ultrasonically in acetone and checked again optically for

purlty at 200X magnification us1ng transmitted and reflected

llght microscopy.
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’

Thenamoun% of,HzO dfssolved in the glass was determined'
by the vacuum fugioh micfom?nometric method déscribed‘in
Harris (T§81a).\fhe determiﬁations of H,0 vere madg\on
duplicate glass.waférs'of different mass for each run and
the amounts reported are the duplicate‘means. The samples of
glass ranged in mass from 0.020'to 0.600 mg. Sample masses
were determined with a Cahn-G electronic mférobalpnce and'
ére considered precise to +0.003 mg. The analyticali
~precision for water can be estimaﬁed by Sgpsidérihg the
varianée of the relative deviations of the individual}
measurements about their duﬁlicate mean.vThis method
provides an estimate of +2.8% of the cohcentratioﬁ for the
standard deviation oftthe duplicate means about their
ensemble mean, if multiple pairs of determinations were made
for each e&perimental charge. The overall reproqucibility of
these solﬁbility measurements includes uncertainties due to
variation of run pressureé} possible variable diminution of
dissolved water during the quenqh, and anélyticél errors in
tﬁe determinatién of-HzO‘(e.g; incomplete extréction of H,0
during ¥acuum fusion of samplés, or loss of H,0 due to
adsorption b; the walls of the vacuum syétem). The overall
reproducibilityﬁwas estimated by repetition of experiments.
TwO sblubility determinations have been repeéted (Table 8}
EA1.2K at 970 bars, runs 80 and 38; EA1.2K at 1620 bars,
runs 85 and 44). Both solubility'determinationﬁ were within
0.06 wt¥% H,0 of their ensemble means, or abbﬁt 1;4#% of the

concentration, The precision attained in these measurements
S A
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‘exceeds that reported by Harris.(f981a)‘owingktoifhe greater.

precision of sample masses that were made possible in this -

study by using an electronic.micrObalance.

{C Results o ~

The glass compos1t10ns and SOlUblllty determlnatlons at.’

varlous pressures are glven in Table 8 The effects of
~ pressure and comp051t10n are described next.
Pressure dependence
The effects of pressure on the SOlUblllty of water ‘were

determlned for two melts w1th 1dent1cal Na/(Na+K) ratlos

(0 57) and similar Si/Al ratios but with dlfferlng (Na+K)/Al‘

" ratios. Both'llqu1d»comp051t;ons were.peralkallne The
expefimentaily determinedAsblubilities, expressed as weight
‘percent H;0 in the hydrguswLiqqid,fare‘shown,in'Table 8. The
solgbilities wene regan'as'mole fractions by using the
method of Burnham (1979) éhé'fit‘(Table 9) to linear .
eqhations as functions of the square root of the water
fugacity (Burnhaﬁ ét al.,”19695. The root mean square
deviations from linearity are less then 1.4% (Figure 22).
The equimolar solubility of water is slightly larger fo} the
more peralkaline liquid at both 970 and 1620 bars P(H.0).
Hence, the derivatives with respect~to.squafe‘roet of

fugacity differ by 5%.

A



Figure 22, Effect of pressure on water solubility.
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. TABLE 9
EFFEcT OF PRESSURE ON THE SOLUBILITY OF EH:O in Two Liguips
Pressure . f}-(:() ‘ ! lfH:E)‘ : Xx‘ X:‘
Run No. bars bars bars'** meas. calc. Residual
: ) )
\ EA1.2K 970-1630 bars ’
80 - 970 825 S WA 363 256 -.007
18 970 A B2S : 28.71 .356 356 . .000
48 1160 965 31.06 .386 .385 ~.001
43 1450 1178 34.28 426 . 428 LT
85 1620 . 1297 36 .0! T 443 446 .003
44 T1630 1308 6.12 437 447 . 010
XT = 0.003 ~ 0.0123 fyy.o. bars)”’ -
r.m.s. ervor of fit = 0.005
- EAK
36 970 825 870 3m 371 ~.001 .
83 1620 1297 36.01 ' 465 465 -.000

X = 0.0006 + 0.0129 (fy.o. bars)®*
r.m.s. error of fit = 0.0006

Nortts.—Solubitity data and the ongin were At to lincar equations by the method of least squares
. . <
%

v

"t‘ Yy
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'Effects of Na-K esxchange

;The effects of exchanglng Na énd K in haplogranltlc
meﬁts may reveal whether there is a notable effect of alkali
cation Eize‘oJ the solubility of water. Two experiments %
(runs 37 and)61) conducted at 970 bars show that the
increase Yof the Na/K ratio‘ffom 1. 344at the eutectic to 2;23
caused no measurable change in SOlUblllty (max1mum 0. 14
wt%). Further research should determine whether this is also

true for other 11qu1d compositions 1n,the v1c1n1ty of the

ternary eutectic.

ey

~
~
P

Dependence of solubility on the alkali/aiuminum ratio

,Ihe equimolar solubilities~ofcwater in;fcur liguids
that differ in alkali/aluminum ratio were determined at 970 .
bars and are summarized in Table 10.&For theorange of ‘
silica-saturated compositions investigated, the equimolar
solupility et §70 bars watef pressure incteases with
increasing alkali to aluminum ratio*and the root\mean‘square
dev1at10n from linearity is about 1. 4% However, the |
solublllty of water in the peralumlnous liquid (Table 8, Run
58) does not lie on the extension of this ‘line to the . -
" peraluminous field. Thie éuggeste the existehce ofvmihima’in
.Qhe sdlubility of H,0 at %NafK)/Al=l fof melts along_joipéﬁ _E

of‘constant molar SiO, in anhydrous melts (Fig. 23).
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Flgure 23 Effbct of the. alkall/alumlnum ratio on water

solublllty
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_ ' TABLE 10
Dsrz}iomrs OF THE EQUIMOLAR SOLUBILITY OF WATER IN MELTS ON THE A*ro:gc RaTiO OF TOTAL ALKALIS
TO ALUMINUM 5)r 970 Bars H.O PressUre o a
o Sio, . (Na=-KJNAI
Run Series : Wt Gt molar xr
61 ° NOR T8 097 08
37 EOR . 77.29 - 097 a2
g0 EAL2K 77.49 - 119 - .363
R EA12K . 77.53 \ 1.20 o 3%
6 EAK ; - 183 ’ 1.46 mn
XM = 0.200 - 0.124 (Na -~ KVAI ) '

r.m.s. error of fit = 0.0110




Solubility in a phonolite“liquid
The 970 bar solubility of H,0 in the phonoliteigiqu1d

e
exceeds that of all the granitic melts 1nvestigated* The
»

'_'phonolite composfti%n,_which has alkali/aluminum equal to 1°

?  and very much less ailica than tho;e runs listed in Table
\\Tsyadoes'not satisfy the linear ;elation'obtained in Table
. . |
24
Effect of fluorine on solubility ‘ -

Three fluorine-bearing melts oi EOR composition, whose

T

ay§ynthe51s is described in chapter 6, were analyzed for water
in an effort to determine the effect of added fluorine on
the solubility of watjg in this‘melt.‘The results of these
¢ :

analyses are presented in Figure 24. It is clear that

fluorine added to haplogranitic melts decreases the

solubility of water in these gnelts. The%S results contrast

!
with the chemographic data of Koster van Groos and Wyllie

&

(1968) and Wyllge (1979) which indicate enhanced water
solubility'in fluorihé:gearing feldspag:melts.\ThevoSserved
decrease in water ;olubility from thigiétudy implieé that
. fluorine is incorporateo within the ailicaté melt structure

in a way which reduces the number of sites available- for
water disselution. * | ‘ |

If water is dissolved predominantly as.hydfoxyl ions
‘coordinated by tetrahedrally coordinated cations (Burnham,

1979, 1981) then perhaps fluorine is 51mply substituting for
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Figure 24. Effect of fluorine on water solibility.
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 OH" in the depolymerized melt structure.-
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D. Discussion ”

~

’ 1 ‘7*‘.) \d . . . L.
.Comparison with earlier determinations

The determinations‘of water'SOlubilitj in haplogranitic

| liquids from this study are shown - (Flg. 25) ‘in relatlon to

other determlnatlons at low pressures. Although the -results
are generally similar to those,of}parller workers, the
effects of pressure and-composition'on the water

solubilities are evident in the results of this study and

may help to explain some of the differenggs shown in Figure

25.
J

All previous measurements of water solubility in

granitic melts (except those‘of Khitarov et al.'_1959, 1967)

have employed one or both of the chemographic and

1

weight- loss techniques. The chemographic technlque involves

‘the construction of isobaric T-X orvrock~water pseudobinary

;phase d1agrams (see Burnham and Jahns (1962) for

dlSCUSSlOﬂ) In these diagrams thewlntersectlon of the

‘°water saturated liguidus with the divariant L- L+V or L- L+C

curve i's determined.,The intersection gives the

con nt;atlon of water equal to the SOlUblllty 11m1t.

However, accordlng to Day and Fenn (1982) water contents

"may be overestimated by as much as 1.0 wt¥ by u51ng the

L-L+V or,'dlmple technlque. At pressures below two kbar the
. oo v 1

W
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‘Figure 25. Solubility determinations in ratural and =~
synthetic granites. (BDM, Beinn an Dubhaich granite,” =
Oxtoby and Hamilton, 1978b; SMG, Stone Mountain granite, -
Goranson, 1931; "EDG, El'Dzurtinskii.granit¢, Khitarov et '
al., 1959; HP, Harding pegmatitg, Burnham and Jahns, -
1962). Data from this study are for. T = sjoéc.’- SR
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L-L+C techniquee%equiresxéhe carefgi addition of sma%g
amounts of water to ekperimegtal charges and the>exe95%io§
of water-undersaturated experiments on melts for which
equilibrium is difficult to aJhieve. \\

In the welght,L SSs technlque, water -concentrations are
obtained by comparlson of the weight of H.O adde&o the
charge before the experiment with the weight of the post?run
hydrous glass after the charge has been pierced and heated .
to 110°C (Hamilton et al,., 1964). Because the charges are
generally oversaturated w1th%&€) the rua products, °
espec1ally below 2 kbar, are ve51cular and the amount of H;0
in the vesicles must”be subtracted from the total H,O
determined by weight loss "(Burnham and Jahns, 1§62).b
Alternatively, if the vesicles can be ruptured byxstepwise .
heating without loss of any H,O from the glass (e.g., Oxtoby
. and Hamilton; 1978a), then it may be possibIeAto determine

the solubility from weight loss measurements during heating

of vesicular glass. Uncertalntles for weight loss technlques

iy T

‘are predictably rather 13 ge.

‘In contrast, tpe exgerimental, saﬁple preparation, and
microanalytical techniques used in the present wofk permit
the solubility to be determlned with a varlatlon of about
+0.10 wt% %5 standard dev1at10ns) in repllcate experiments.
at pressures from 1.0-2.0 kbars. The principal advan;age _
over the previously ment ion&d techniques are the high

precision and the fact that the measured water is wholly

derived from the glass. Other significant advantages are

»
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that the technique does not re&uire multiplevruns, precise
determlnatlon of .a phase, boundary, or prec1se measurement of
the amount of water added to an experlmEntal charge.

From the comparison of the present data and previous
work for granitic melts depicfed in Fijure 25, two majof
conclusionsféan.be drawn., The first conclusion is that the
results of this study at 800°C.and’those of Khitarov et al.
(1959) for'the El'Dzurtinski granite at 900°C are
app:oximately similar. On the other hand the data of Oxtoby
"and Hamilton (1978b) on the Beinn an Dubhaich granite,
although similar iﬁ magnitude, were obtained at,110?°c. Thé
second conclusion is that the solubilities from tﬁis study
are lower than those of Burnham and Jahns (1962) on the
Harding pegmatite &t temperatures between‘660-810fc ahd
those of Goramson (1931) én the Stone Mountain at 900°C. The
Stone Mountain, El'Dzurtinskii and Beinn an Dubhaich
granites are approximately similar in alkali/aluminum ratios
but they vary considerably in their K/Na ratios. The Hafding
peg;atiteais distinct in having high contents of Rb, Li and
fluorine (see Burnham, 1979). Oxtoby and Hamilton (1978b;
see also Voigt et al., 1981) showed that the ééuimolar
solubility gf water is significantly gf%pter in,NaAlSiaog
melt than in KAl1Si,0p melt. It is-concluded_that
compositional variations and measurement techniques are
causes for these‘differences. These problems have been

reviewed recently by Day and Fenn (1982).
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It is emphasiied that the équimolar_édlubility of water
is enhanced in increasingly peralkaline méits and this
variation is not predicted by the model of Burnham (1979).
The model of Burnham (1381) doeé reproduce the solubility
determinations for PHO at 970 bars (wt¥% H,O0 calc. = 5.02);
and EA1.2K at 1620 bars (wt% H,O célc. = 4.68) but
overestimates all the other melt solﬁbilitiés in Table 8.
Further discu:: on on solubilities in feldspathic melts is
outside the scope.of this study which pertains to
haplogranitic melts and natural granitic melts.

The fact that phonolitic melts show strongly enhanced
solubility of H,O over SiO.,-saturated compositions indicates
the potenti;l for a far morevdramatic role for H,O in the
crystallization and emplacement of phondlitic magmas.
Generally, it is clear that a range of water solubilities
are to be expected in granitic melts of variable
compbsition. These differences must be t;ken ihto account in
the geochehical modelling of processes such as pégmatite
formation, hydrothermal activity, crystallization, volatile

exsolution, and eruptive mechanisms for granitic magmas.

b

E. Geological application
The experimentally determined solubility of water in
- . ) \
haplogranitic melts and determinations of water in rhyolitic
melt inclusions in phenocrysts may be used to estimate the

minimum pressure of crystallization for the Bishop Tuff.
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Druitt et al. (1982) determined the concentration of water
in rhyolitic élass in quartz from the basal Plinian‘airfall
unit of the Bishop‘suff to be 4.9 $0.5%. A vacuum fusion éasi
analyser method wes Psed. The glass contained 77,6% SiO.,
13.3% Al1,0,, 0.6% FeO, .0.5% M%O, 0:3% Ca0, 3.9% Na,0, and

4.6% K,0 (A. T. Anderson, -personal communication). The gram

molecular weight of the anhydrous melt (286 g) was

_ calculated by the method of Burnham (1979). The Na/(Na+K)

)

and Si/Al ratios are 0.563 and 4.95, respeetively, and near

to or within the range—investigated. The alkalies Na and K
account for about 90 mole % of ;he exchangeable cations and ‘
the range of excHlangeable cations to aluminum is 0.967\\~
Therefore, the equinolar‘solubility for the stated

composition is estimated to be X = 0.0111 X (f(HzO) bars) .

Accordingly, the pre-eruption- fugaC1ty of water estlmated

from the 4.9 +0 5% in the melt inclusions at 800 C is 1630
+200 bars. The pressure of water is estimated to have been
2100 +200 bars. The 1mp11ed mlnlmum depth of origin of these
phenocrysts is 7.8 1.1 km, The known presence in these/
inclusions of other components such as CO, (A. T. Anderson,

(} ‘/
personal communlcatlon) would increase the\mlnlmum pressures

and depths of crystalllzatlon. Dru1tt et al. (1982) reported

a minimum concentratlon of water (2 wt%) 1n rhyolltlc

1nc1u51ons in quartz phenocrysts from the last erupted Mono

[ﬁobe. Our solubility measurements suggest minimum fugacities

and pressures of H,O of 480 and 530 bars, respectively. The

direct measurements of pre-eruption water contents (Druitt
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et al., 1982) and solubility of water in related
haplogranitic melts at 1-2 kbar and 800°C (this stddy)-yield
‘more direct estihates of préssures than are available from
mineral eéuilibria (Hildreth, 1979).

: Thé {ncrease in water solubility wifh increasing
peralka{gnity obsefved in this.work has at least one major
implication for the petrogenésis,of‘hydgous peralkaline |
meltg. Silicic peralkaline volcanic suites often exhibit the
chemical charaéte;istiq of increasing petalkalinity with
increasing magmatié'evolutioh: This effect was attributed by
Bowen (1928) to the predominant.crystallization of feldspar
from such melts which results in residual peralkaline melts
becoming more extremely peralkaline (i.ef the "plagioclase
effect”). The data from this study show that oné effect of
increasing peralkalinity on an evolving magma system is to
e#tend the percehtage-of cfystallizationiwhich can occur

before the residual magma becomes saturated with water.



VI. Major element partitioning -

A, Introductionl -
™~ N }
Crystallization of hydrous granitic magmas at depth
commbnly results in the egentualvsaturation of thé'residual
melt°phaseiwith water. Water satufation cbmbiﬁed-with
further crystallization causes vésiculatibn of an aqueous
fluid from the magma by the process of second boiling.,The'
cbmposition“of the aqueous phase:releaSed in 'this manner is
an important parameterlin}alteration of the country rocké
and in the reconStructﬂon of the chemical‘compositioﬁs of
'magmas which yield holocrystalllne granitic plutons._.
Chlorlne r1ch> magmato- hydrothermal systems are often
vhost to economic cgscentratlons of various metals (Burnham,
1979) and, therefore, the composition of chlorlne bear1gg
fluidé‘in equilibrium with granitic ‘melts has been
extensively invesﬁiéateé by Burnham (1967 ana'dafa in Clark,
1966). Pichavant (1981) has produced equivalent data for
boron-bearing systems. Examples of fluorine-rich
magmato hydrothermal systems occur in several local1t1es
(Bailey, 1977) illustrating the need for a better
understanding of their geochemistry. Thls,study was
undertaken to characteriie the chemical composition‘of the
N v .
aqﬁeous fluid‘phase‘in equilibrium with fluorine-rich

granitic melts.,
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B, Exper1mental and analytlcal methods

" The startlng comp051t10ns cho’ex for these experlments
are shown in Flgure 26. The glass compositions are cenEered
on the 1 kbar haplogranite miniﬁum melfing compositio;
(Tuttle and Biyen, 1958) and represent two composltlonal
series ?.KOR" EOR - NOR along‘the exchange vector KNa-n,
and EAK1.5 f EAK1.2 - EOR - EALO.8 - EALO.S, along tHe
exchange vector AlzNa-,K-,;iThese COmpositions were chosen

in order to evaluate Eie effect of melk Na/K ratio.and

{;alkali/alUminum ratio on melt/vapor partitioning.

The glasses used in the hydrothermal ryns were
synthesized from reagent-grade Na,COsj, Kzébay Al,0, and SiO:
by using staﬁdard teéhniques described bleowen and Schairerm
(1956). The compositidns of the anhydrous glasses used as
starting ;eterials were determined by electron microprobe )
(Table 11). Experfments Were condUcted iﬁ cold-seal presSupe‘
vessels at 1 kbar and 800° C Fifty milligrams of powdered
glass was. added to flfty milligrams of HF solutlon (1, 2 or

‘4 wt% HF) im platinum capsules. The capsules were welded and

- checked for possible leakage by testing for weight loss

after 15 minutes in an 110°C drying oven. Leak-free capsules
were loaded into the cold-seal vessels and were raised to
run pressure using an air- drlven hydraullc pump. Pressur;zed
capsules were heated to run temperature by using
Kanthal-wound resistance furnaces mounted concentrically

about the vessels along a vertical axis. Temperatures were

monitored with Chromel-Alumel thermocouples and the actual
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. Figure 26. Séarting\cohpositions in K,0-Na,0-Al1,;0;-S10,.

-
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Table 11 :. Microprobe analysés of starting glasses.

Glass | Na,O
) L]
EOR 3.94
‘NOR 4.75
KOR : 2.01
EALO.5 2.27
EALO.8 3.65
EAK1,2 4,41
- EAK1.5 5.18

K20

4.52
3.23
6.37
2.73
4.31
4.91
5.70

A

Al,

11
11
11

12.
13.
10.
.77

0,

.48
.65
.45

30
71
51

Si0,

80.0
79.4
78.7
B1.6
78.4
80.2

79.2.

TOTAL

99.94
99.03

98.93.

- 98.90
100.07

-~ 100,03

99.85

-uncertainties quoted as percent of the-amount preéent (3
_ standard deviations) are as followsr Si0.,0.69%;
A12Q3,1,78%; K,0,2.58%; Na,0,4.76%.

\
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temperatures are believed accurate to 15°d..PreSSures were
measured with Bourdon-tube gauges préviously calibrated with
a Heise gaugé and are-accurate to * 20 bars. Run durations
were 10¢ seconds for all runs except those which form a time\
series test of equilibrium (runs 12b, 16, 27 and 35). The
charges were quenched isobarically by obgning the veésel to

- the pressure line and by pumping for thevdurét;on of the
quench . \

Reversal experiments were accomplished using the
fluorine—béaring glasses from forwards experiments.
Fluorinated glasses were ground in aﬁ agéte mortar, rinsed .
with distilléd wvater, and fifty milligrams of glass were’ N
added fo~fifty milligrams of triple~distilled water.
Reversals were then run under Bquivalent conditions as -the
forwards experiments. As a check on the inert behavior of>-
platinum in the presence of fluofine—bearing agueous fluids
at this pressure and temperature, dupiicaté experiménts were
conducted using gold capsules and equ{valent resfilts were
obtained (Fig. 27). ) X ‘ 5

Run capsules which suffered no weight change (< 1© .
milligram) and no visible signs-of breach during the run,.
were ultrasonically cleaned in acetone énd’frozen in liquid‘
nitrogen prior to opening, fhe’frozen capsules were slit
longitudinally with a rézgg blade, immersed in i
triple-distilled 2N HNO,, and returned.to the ultrasonic

bath to help dissolve quench fluorides. Atomic absorption -

spectrometrié analyses were carried out using the Dept. of
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Figure 27. Reversals and time series experiments in molar
Na-K-Al-Si space. :

/

Na — — - A\

. mole % metals

Run# Details
12b 250,000sec (5% days)
16 10,000,000 sec (115 days)

1,000,000 sec (11Y2 days)
AU capsule
- 35 2,500,000 sec (28% days)
54 1,000,000 sec reversal *
55 1,000,000 sec reversal
.

v\ v VAl R, 7 K

«“

t>
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Geology Perkin Elmer 503'spectrophotometer.,Standards for
Na, K, Al and Si were prepared in HNO,; media. For certain
experiments (runs 16, 20, 27 and 29) an a11quot of the
remaining fluid was titrated to neutral'pH by using B%YNaOH,
comblned with a total 1on1c strength buffer, and analyzed

for fluorlne by u51ng an Orion fluorlne spec1f1c electrode.

Iy
Q

C. Results ‘

The results. of Na, K, Al and Si analyses of the fluid
phase are presented in Table 12, Runs # 12b, 16 27 and 35
form a time series test for equ111br1um and runs #- 54 and 55
are reversals. Run # 35 is a gold-encapsulated experlment.
The attainment of chemical equilibrium ln the partitioning
of Na, K, Al and Si between vapor and melt 1§ evident in the
results.of Table 12 Figure 27 is a prOJectlon of the solute_
contents of the vapor phase 1nto molar Na-K- Al Si. space
Figure 27 1nd1cates the reproduc1b111ty obtained in the
analysis of the solute, and these progectlons are used in
subsequent figures. The largest scatter in the data is in Al
and Si content due tolthe relatiVely poor precision of the
atomic absorption analyses at these low levels {actual |
analyzed solutions contained 1-10 ppm Al and 10-50 ppmlsll.
The solute y1elds for EOR runs w1th 1, 2, and 4wt% fluorine
and chlorlne added as HF and HC1, respectively, are shown in
Flgure 28. Fluorine and chlorine have similar effects on the

SOlUblllty of Na and K. Na and K contents increase rap1dly

with added F or Cl. The dissolved contents of Si, and )'
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Figufe 28. Solute yields for Na, K, Al and Si.
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Table 12 : Na, K, Al and $i analyses of the vapor phase.
o
Run Composition Duration Na -~ K Al si
' ' ‘ (sec) - S
A

27  EOR2F 1,000,000 . 206 . 2153
12b° EOR2F 2,500,000 - 300 1870

-16  EOR2F 10,000,000 . 208 1780
29  EOR2F+ 1,000,000 288, 1769
35 EOR 2F 25,000,000 490 350 1800
54 . EOR2F*=*. 1 ooo 000 393 . 232 194 1911
55  EOR2F## '14000 000 = 373 242 119+ 2018 .
32  NOR2F 1,000,000 - 437 147 252 - 2364
33 KORZF 1,000,000 215 298 204 2136
20  EOR4F - 1,000,000 1986 921 1072 3178
23 EORIF 1,000,000 219 106 60 - 1066
50 EAK1,2-2F 1,000,000 835 627 194" - 2552

51 EALO.8-2F 1,000,000 528 303 .~ 417 1556

72  EAL0.5-2F 1,000,000 = 402 207 469 2709
74  EAK1.5-2F 1,000,000 1071 689 1208 1818
15  EOR2Cl 1,000,000 1940 @ 370 . 40 1380.
22 EORIC1 1,000,000 250 43 1Y 1010

( 3510 731 25 . 1270

19 EOR4Cl - 1,000,000

- % gold capsule experlment
- -%x reversal experiment -
-~ all analyses quoted as ppm; uncertainties in analyses are‘
 as follows: Na and K (%25 ppm); Al (#50 ppm); Si (+200 ppm)
‘ F (+200 ppm) .

{.

N
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especially Al, increase subStantially with increasing
fluorlne in theLyapor phase, while chlorine has little or no

effect on: S1 solub111ty and an apparent negatlve effect on

A

Al solubility. /

Yields of fluorine from the vapor”phase are presented
in Figure 29. A vapor/melt partition coefficient of 0.08
holds for the range 2 to & wtj F. :

E Figute 30 presents the molar projection of melt and
,vapor compositions for these experlments. Tie lines join
melt compos1t10ns (so0lid triangles) to coexlstlng fluid
comp051t;ons (open triangles). Clearly, the vapoR
eqmposition is strongly dependent on melt composit{on. These
projections show that all Vapor compositions are mo;e sodic
and alkalic than the cprtesponding melt éggpositi ﬁgszhe
'alkall/alumlnum ratios of the solute are directly conbsolled‘
by the melt composition. ¢

For convenience, vapor(pe¥t distribution coefficients

may be defined as follbws -

\

D(Na/K)‘ {Xya/*¢ )vapor and D(AK/AT) = (XNa+K/XA1)vag§r

(XNa/xK)melt ’ (XNa+K/XA1)me1t

Thi'values of these distribution coefficients for the melts

studied are given in Table 13:;The value of D(Na/K) ranges"

from 1.9 to 2.4 and decreases with increasing peralkalinity,
while the value of D(Ak/Al) ranges from 2.3 tp 5.4 and is

highest for peralkaline melts.

4]
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Figure 29. Solute yiel‘ds for fluorine.

 F Concentration in Fluid P
3000 vs. Wt% added F. %
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Figure 30. Experimental results of the partitioning
experiments; effect of melt composition.

L3 ;

P = 1 kbar
T = 800°C
mole % (metal)

v melt compositon
¥ vapour composition

{note % scale)
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Table 13 : Melt/vapor-distribution coefficients -

Melt Composition D (Na/K) . D (Ak/al)

¥ "

1

EALO.S /. \2.4 3.0 .
EALO.8 2.4 , 2.6
EOR N 2.0 n 2.6
EAK1.2 1.9 R S .

u | . !
EAK1.5 - 1.9 ' 5.4 ~
NOR . 2.4 3.0
KOR 2.0 2.3

.‘>‘

~uncertainties in melt/vapor partition coefficients are;

D(Na/K) + 40% ; D(Ak/Al) £70%.
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D. Discussion

Although the data presenied above<are not extensive‘
‘enough to permit modelling of the exact séoichiometry'of
fluoride complexation in Ehese fluids, the following
observations are significant. '

Tne solubility of Al is e;tremely sensitive to fluorine
concentration, imglying the existence of some form of’
aluminofluoride species‘in solution at this pressure and
tenberature; It cannot be concluded' however, that the Al
SOlUblllty increase ‘is due entirely to the formation of a
51mple Al-F complex. anreased Na, K and Sl SOlUblllty with
increasing fluorine>concentratlon may be indicating the
stabilization of one or more alkali-aluminofluoride
complexesh(cryofite-iike species?) in solution. What does
seem certain, however, is that<fluorine does not compete
A‘w1th Al for a large proportlon of the dissolved alkalles to
the same extent as Cl. Anderson and<Burnhamv(1983) have
proposed 1hat,theylow solubility of Al in hydrothermal
fluids containing Cl is a direct consequence of alkali
chloride complexation which decreases the amount of
dlssolved alkalies avallable for complexatlon in
alka11 alum1n03111cate complexes (feldspar stoichiometry).
Decrea51ng Al solubility as a functlon ofAchlorlne
concentratién in}Figure 28 probably resulfe from-this
effect.

Another aspect of fluoride complexation is that the

effects of fluorine on hydrothermal fluids is remarkably
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large for relatively low concentrations of dissolved F. At
equivalent molalities of HF and HCl in these experiments,
the vapor phase in chlorine-bearing experiments contains an
order of magnitude more dissolved halide‘thén the
cqrresponding fluorine—beariné experimént, due'to the
different vapor/melt partition‘coefficients for fluorine
(Hards, 1978) and chlorine (Kilinc and Burnham, 1972)‘.
\Comparison with the data of Burnham (1967) for the
Spruce Pine pegmatite melt—HCi-HzO‘is’difficult due to the
higher pressure fénge of Burnham's st%dy (2-6fkbars);
however, the pressure dependence of the'coﬁposition‘of the
chlorine—bearing.fluid is not large (Eigf 2.7 in Burnham,
1967). Figure 31 compares tﬁe compositions of |
fluorine-bearing fluidé coexisting with haplogranitiszeltsw
(this étudj) with the results of Burnham (1967) for
chlorlne bearlng fluids and Plchavant (1981) for ' “ .
boron- bearlng fluids. From thlS comparlson it is concluded .
that the solute contents of F-bearing f1u1ds exh1b1t hlgher
Al/(Na+K) ratios than either Cl- or B- bearlng flUldS whlle
»Cl—bearing fluids exhibit lower Si/(Na+K) ratios than e;ther
F- or B-bearing fluids. ‘ | |
E. Geological tiinpl,,icat_iéns Q
The physicél ana-chemical gonditioﬁs which permit the
coe#istence of grahitic magmas‘and agueous fiuidS.have
received extensive consideratioﬁ in the litetéture (Burnham,

1967, 1979; Holland, 1972; Burnham and Ohmoto, 1980) .

3
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Figure 31, Comparison of the compositions of
fluorine-bearing, chlorine-bearing and boron-bearing
fluids coexisting with granitic melts (see text for data
sources).
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An aqueous fluid phase'may be evolved from a granitic
maéma in two ways; decompression’and crystallization. The
rapid ascent of a water-undersaturated melt is accompanied
by a pressure decrease which, in turn, decreases the
solubility of water in the melt and results zn ve51culation.
Alternatively, the crystallization, at constant total
pressure, of dominantly anhydrous and water—poor phases from
such a melt:will also'result in_the water saturation of the

diminishing melt volume due to E increasing proportion of

dissolved water remaining in the/melt (i.e., second,

g). &

resucgent, or, retrograde boﬂif

One{or both of these processes are involved in every
geological situation where magmatic water forms as a
separate phase. I1f the separation of an aqueous phase from
an ascending magma occurs‘at depths which correspond to
,pressures greater than the critical region of the aqueous
fluid then the immediate result of aqueous phase separation
is a supercritical fluid. The present study simulates the
case of a supercritical aqueous fluid uhich is equilibrated
with such a melt

®If the agueous phase separates at shallow sub-volcanic
. depths corresponding to pressures of several hundred bars
then the H,0-NaCl critical curve may 1ntersect the solidus.'
In this case the aqueous phase may separate as two distinct
fluid phases, a vapor and a brine, i.e. critical behav1or.

Evidence for the coexistence of sub-critical brine and melt

is provided b&iRoedder and Coombs (1967). Primary boiling

’
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also occurs if magmatic agueous fluids produced at-depth
ascend into the P-T region of critigal behaviofy”or if higp
température, low pressure fluids froﬁ &ore mafic,
subvolcanic melts cool into this P-T region.

The formation of dé%p-seated} intrusion-hosted
pegmatites is an example of the separafion of a
supercritical fluid phase and subsequent precipitation of
dissolved species in.the absénce of.boiling (Jahns and
Burnham, 1969) Many pegmatitic greisens may form’in this
manner (Shcherba, 1970, Burt, 1381). In contrast, the fluid
inclusion evidence of simﬁle orqfirst boiling is widespread
in shallow, subvolcanic magmato-hydrothermal systems such as
porphyry Cu deposits (Burnham.and Ohmoto, 1980; Gustafson,
-1978; Titley and Beane, 1980).

A Fluorine has a high melt/fluid partition coefficient
éompared with chlorine ( Hards, 1978; Kilinc and Burnham,
1972) . Therefore, hydrous granitic magmas, containing
similar amounts of fluorine and chlprine, which become
water-gaturated will yield Cl-domina£ed aqueous fluids.
Fluid inclusions often record fluid salinity and
compositions which reflect post-éolidus modification by 5
primary boiling. |

Despite the affinity of chlorine for aqueous fluids,
evidence for mild to extreme enrichments of fluorine in
certain granmitic magmas and associated fluids is evidenced
by(petrochemical studies of silicic hypabyssal and volcanic

rocks (Kovalenko, 1973: Bailey, 1977; Eadington and Nashar,
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1978; Burt et al., 1982; Christiansen et al., 1983, 1984)
and the mineral chemistry of equiValeht-plutons (Pauly, |
1960; Gunow et al., 1980; Nedachi, 1980; Czamanske et al.,
1981). F}uorine enrichmént in such systems asﬂdeep—seated
pegmatitic greisens (Burt, 1981), shallow Mo-porphyries,
stockwork Mo and(§éin-type'8n‘and7w deposits (Westra and
Keith, 1981; Huspeni et al., 1984) and lithophysal topaz
rhyolite; (Burt et al., 1982; Christiansen et al., 1983,
1984)-a11 clearly indicate that F—domihated
magma%o—hydrothermal systems can and do occur. The causes of
such fluorine concentration are not.clearly understood and
several factors may contribute to their formation. ‘The most
crucial factor may gé the early’depletion of the systems in
chlgrine by fluid eséépe. Certainly, the evidence for:
mulpiple intrusion and protracted magmatic evolution of
fluorine-%i;h systems doés exist (Wh;te et al., 1980).
Alternatively, the magmas hay have originated in Cl-poor
source regions due to prior metasomatic and/qr magmatic
processes which resulted in chlorine depletion.

.Regardless of the causes for the déQelopment of
%auorine—rich systems, one of the most important
considerations for the magmato;hydrothermal_systems which
they yield is the role of fluorine inm enhgncing the
solubilities of dissolved metals. In most cases, fluorine is
eventually partitioned %&fﬁ a fluid phase which is |

responsible for its mopility and concentration.

o

&
«f
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F-rich systems are also characterized by evidence of Al

mobility, a‘féature_absent in Cl-dominated systems (Titley

and Beane, 1980: Anderson and Burnham, 1983; Rubie and \»

Gunter, 1983), The wesults of this study provide an
experimental confirmation of the mobility of Al in close
association with fluorine—rich‘igneoué ro;ks as evidenced by
distal fluor-muscovite veins in fluorine-rich skarns
(Barton, 1982); massive cryolite rocof rocks (Pauly, 1960);
- topaz-lined vesicles in lithophysal rhyoliteé (Burt et al.,
1982; Chriétiaﬁsen~et al., 1983, 1984), and cryolite +
fluorite + elpasofite daughter érystals in fluid inclusion
of hypabyssal ongonités (Naumov et al., 1971, 1977).
Unf&rtunately,rfﬁé results presented here can only be
applied qualitatively at this fiﬁenbecaUSe the m§lt-fluid
system investigated iS'multivariént in the absence of
calibrated buffer phases for all components except hydrogen.
Quantification of fluorine speciafion andffluoridé_complex
stability in agueous fluids may be measureéd by mineral
solubility studies (Anderson and Burnham, i967; Frantz et
- al., 1981) and exchange miﬁeral/fidid exchange equilibria
(Oorville, 1963; Barton and Frantz, 1583). The‘thermodynamicb

o

data from these experiméntszwill evgntuéll&,allow_
quantitative quellingJof aQueQus fluié behavior-. Exﬁénsion
of these studies to mineral + melt + fluid sYstems;should'
eventually permit further théfmodYnamicwmodeiling of

water-saturated natural silicate melts.
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ViI. Summary and conclusions

A. Summar§ of results
Various éspects of the solution of fluorine in
aluminosilicate melts ﬁave been investigéted in this thesis.
The following is a shéft‘summary of the results. . |
The viscosity of polymerized-melts in Na;O—AIZOg—SEOZ
is strongly reduced by the.addition of fluofine. These
viscosity reductiéns are similar to the effect of added
water on melt viSéosity..The viscosity-reducing effect of
fluQrine increases with Si0, in melts along the join

M-210,-Si0, and at 75 mole percent SiO,, fluorine-bearing
3 . W : (S

:s increase in viscosity from‘peg?lkaline through albite’
?o peraluminous compositions. Due to‘the lower activation
,;energy of viscou§‘f16inn fluorine-bearing'melts, the
viscosity reductions with fluorine addition iﬁdfeégé with
decreasing temperature; A | i |
The chemical diffusion of fluorine in these mel;s iéf\n
much faster than the self—diffusibn of oxygen but
significantly slower than the chemycal,diffuéioq of water.
1e chemical diffusion of fluorine &s a binary,‘
C»nCéntration-independeht,«cOmposit%on—dependent exchange
./ . with oxygen. This behavfor contrasts;with the chemical
diffusion of water which may involve alkali exchange.

Vo.atilization of fluorine from dry aluminosilicate melts .is

~ predominantly as SiF, and this property has been used to

P
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investigate fluorineqdiffdsivityyat 1 atmosphere. Fluorine
increases the diffhsivity of oxygen and network—modifying
cations in aluminosilicate melts as does water. The pressure
dependenee.of F—b interdiffusion is very slight in the
pressure range of 10 to 15 hilobars but from 0.601 to 10
kiiObats‘an increase in interdiffusivity is observed. F-O
!intefdifoSivity decreases along the join NaAlOz—Siozkand,

"~ at 75‘mole percent SiO,, F—O'interdiffusion is slower ih //
‘aibite melt than in péralkaline and peralumin%ps melts. 1\

The SOlUblllty of water in haplogranltlc melts at 1 to

—
—

2 kilobars and 800°C 1s greater in peralkaline and
peraluminous melts than in the. 1 kllobar granitic minimum
‘melt. Phonolitic melts:dissolve twice asImuch water as

‘ granltlc melts. Fluorine  slightly decreases the solub111ty

of water in gran1t1c melts.‘

Fluorine, in contrast~with chlorine, increases the
. “»

.solubility of aluminum in magmato-hydrothermal fluids. The
:distribution of Na and K betweeh.grahitic melts| and
ceeXistihg agueous flptds is eontghlied by the melt Na/K:
' ratiovand is similar for;fldotine; and chlorine-bearing
aqueOhs flhids.’Despite‘the strong pteference‘of fluorine
for the melt phase, fluorine increases the aqueous
solublllty of each of Na, 'K, Al and Si in the fluld phase
‘vThe alkall/alumlnum ratzo of the flumd phase is 1nfluenced
by the melt alkall/alumlnum.ratlo'; however,ithe
alkaii/alumihum (molar) ratio of the fluorine-bearing

aqueous‘fluid phase is greater than 1 in all experiments.
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B. Conclusions

“Melt structure

The dlSSOlUthﬂ of fluorlne in dry alum1n05111cate
melts 1nvolves the replacement of oxygen in Si-0-(Al,Si)
.bridges by- Si-F or. Al F UnltS. Thus, fluorlne depolymerlzes
the three- dlmen51onal structure of polymerlzed melts 1n
Na,O-Al, 03-5102. The v1scous flow'of alum1n05111cate melts
with added EIUOr1ne or water is 51m11ar, 1nd1cat1ng that
(Al,si)-F and (al, Sl) -OH un1ts w1th1n the melt have S1m11ar&
re51stance to viscous flow. Despite thlS 51m11ar1ty, the
transport of fluorine within aluminosilicate‘meitspis unlikei_,
that of water. Fluorlne transport occurs by an effectlve
b1nary exchange w1th oxygen, whereas water dlffu31on
probably 1nvolves alkali exchange. Failure of the
StokeSfEinstein<relationship to predict
v1sc051ty d1f£u51v1ty relatlonshlps in fluorlne bearlng
melts suggests that the mechanlsms and/or spec1es 1nvolved
in v1scous and dlffu51ve transport 1n these melts are not

equ1valent. -

| In'hydrcus aluminesilicate,meits,'ﬁluorine‘may-cqmpete
directfy with water fcr’dissolution'sites, thus deCreasing '
the solubility of water in these melts;hFluerne'is”very ‘
‘effective‘in decreasrng the,activity_of1fe1dspar-forming.‘-J
scomponents‘in hydrousvaluminosilicate'meits.(&anning,,f981’
and the decrease in water solUbility’withvfluorine”addfticn:"

¥
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may be an indirect consequence of Ehe decrease in the
activity 6f NaAl(, units. The solubility of water in

j .
fluorine-free melts is;st§ongly influenced by the
alkali/aluminum‘ratio but not By‘the Na/K ratio. The
‘behavior of water solubility as a function of |
alkali/aluminum ratio strongly suggests the‘operation of
ﬁmoré than one mechanism of Qater solution. The preference of
fluorine. for Al-bearihgx§pecies in supercritical aqueous
fluids indicates that fluorine does not,éompe;e strongly

with aluminum for the coordination of dissolved alkalies as

is the case for chlorine.

Geological implications

Silicic‘vblcanic rocks which contain.up to 2 weight
pe:éent fluorine are often characterized by iow eruption
tempéfatufes, extenéive lava flows, crystal—-poor glasses,
and topaz-lined lithophysae (Burt et aﬁﬂ! 1982).»Such
volcanics often have trace element signé%ures consistent -
with an origin involving extreme degrees of crystal
fractionation (Christiansen et al., 1984). The subvolcanic
" granites of equivalent chemistry are often host to economic
concentrations of several elements whose enrichment can“be
expiaingd by accumu%ation in residual melts during ’
prbtraéted magma fractionation (Christiansen et al.,<)8§§).
Sevéral of tgese characteristics“of fludring—rich |

igneous rocks are readily explicable on the basis of the

résults of this and previous studies on the role of fluorine
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in aluminosilicate melts.

Perﬁgps thé most important consequence of fluorihe
concentration in late stage igneous melts is that fluorine
can appreciably extend the magmatic "lifespan" of |
crystallizing granitic magmas by depressing the
liquidus/solidus\phase relatiOnsgips several hundred}
degrees. This depression occurs in both‘dry (Koster van.
Groos and Wyllie, 1968) and wet (Manning, 1981) systeﬁ; and
one, can reasonably infer, thérefore, that tﬁe effect extends

over the range of water-undersaturated conditions pertinent

to the formation of many fluorine-rich silicic volcanics.

Fluorine has a high melt/vapor partition coefficient (Hards,

1978) and appears to behave as an incompatible element in
many silicic volcanic systems (Bailey, 1977). Progressive
crystallizatign in such systems leads, therefore, to
fluorine cohéentration in residual melts which in tﬁrn
experience decreasing solidug temperatunés. The fact that
water-undersaturated, fluorine-rich rhyolites erupt at"
temperatures in the range 630 to '850°C (Bikun, 1980) is
clear evidence of the influence of fluorine in such systems.
The'influence of fluorine on melt diffusivitiesz‘,v
probably increases the nucleation and growth rates 6f'
obseruad phenocryst phases in fluorine-rich rbyolites. The
effect is the "mineralizing action” that Buefgef (1948)
| attributed to both F- and OH-. The
concehtration—ihdependence of fluorine diffusion ‘means thét
the effect of fluorine on melt diffusivities should be felt
(

T

ﬁmﬁ‘
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at very low concentrations of hssolved fluorine; and that
local enrichments of fluorine in the vicinity of growing
crystals is un%)kEiy If protracted crystal fractionation is
51gn1f1cant 1n\the/£etrogene51s of fluorine- r1ch rhyolltes,
then crystal erctlonatlon must operate as an efficjent
process in these melts. The v1sc051€y reducing effegt of
fluor1ne may be an 1mportant parameter that separates the
ctystal fractionation behavior of fluorine-rich rhyolites
from‘that of‘fluorine-free rhyolites. Lower viscosities also
,resoft in the formation of large individual lava flows which
- travel considerable distances from their volcanic vents.
Finally, it is clear that some crystal—poor
fluorlne rich magmas are sampled volcanlcally (Burt et al.
1982) ,The result is rhyolltes whose vesicles are lined with
the quench products of an aqueous fluid phase which was
released during eruption. Quench alkali fluorides_in the
lithophysae are rapidly leached by groundwaters, but the Y
relatively>insolub1e fluor-topaz remains as evidence of the
aluminum-carrying capacity of fluorine—bearing aqueous

\

fluids, . a
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