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- o The results of 1nvest1gat1ons of the dlffu51on of oxygen in
LR 5111cate melts, the structure of melts, and the redox«

N

equ111g{1a in 5111cate melts are presented 1n this thes1s.
- Five separéfe 1nvest1gat10ns were undertaken all pf whlch
| were directed toward ga1n1ng an-understand;ng of the -
\\ .chemlstry of silicate melts, ‘and in panticular the rolel

played ‘by oxygen in those meltsl _
Pl — e
The dlffu51on of. oxygen ‘wa's’ 1nvestlgated 1n 51x

¢

‘dlfferent(melt comp051t10ns. Three .of ‘the comp051t10ns were
",1n the synthetlc system diopside- anorthlte. Oxygen diffusion

was' measured 1ﬂ those melts at one bar pressure by means of

1sotop1c exchange. The d1ffus1v1t1es determxned are simiflar

in magnltude to dlvalent catlon dlffu51v1t1es and obey he
5 .

compensatlon law for the dlfqulon of d1valent cations 1n

»

o 51gn1f1cant contrlbutlon to the dlffu51v1ty of oxygen from a

,t( 35111cate meltsrrThose observat1ons suggest that there is a 5

oy S L L ST U SO . i
PRSIy .'q?%.':""'h"3""""';»"’“"1_.,..,-;..;T-. . :,._‘:..“: g . - ) Qo — —“ - ‘ . ) L o - L . . R

e ._ Abstract -uf‘. CoL -

catlon llke dlffu51on mechanlsm Eyrlng modeL _
v 4 " .
calculatlons, using the oxygen dlffu51on data and melt *

viscosity data ;&om the llterature, suggest that the s1ze of

the average dlffu51ng spec1es is 51m11ar to thaﬁaof the -

Si0,.* Tzanlon

n

The giffusion of oxygen was‘also measured in three
basaltic melts (an ol1v1ne _nephelinite, an alka11 basalt
and a thole11t1c basalt) at various temperatures and -
pressures up to 21 kllobars. The'diffusivitres were.

- determined by monitoring the rate of reduction of Fe”fto

iv \'

Qb ' , ) : o
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Fe’i in- the melts. The oxygen d1ffus1v1t1es measured are
. . approxlmately the same as,ror sllghtly greater than,

S dlvalent catlon d1ffu51v1t1es 1n basaltrc 11qu1ds. The
d1ffus1v1ty of oxygen shows an- abrupt decrease in all three,,
melts at approx1mately the s?me pressure as the change in

! the quu1dus phase from 011v1ne to pyroxene. The decreases

in oxygen d1ffus1v1ty are 1nterpreted as be1ng related to

decreases in the proportion of O’” anlon in the melts dur1ng

jreactlons whlch decrease the proport1on d? ollv1ne bu11d1ng

T ~ -«

d un1ts and 1ncrease the proportzon of pyroxene bu1ld1ng un1ts
‘in the melt. The results suggest that oxygen dlffuses
- pr1ne1pally as ‘the, O" anlon in. basaltlc melts
The stchture of lead orth051l1cate melts was
1nvest1gatedras a- function of. the thermal history of the
melt by means of 1nfrared spectroscopy The melts vere

obsérved Fo become 1ncrea51ngly polymerlzed wlth decrea51ng

rate of coollng and with 1ncrea51ng duratlon of isothermal

soaklng The presence of 5111cate anlons larger than Slo.
L <1n the melts was demonstrated which-requlres that O"

anions also be present The proportion of 02~ anions in
Pb Sib, melts depends on the thermal hlstory Therefore, the
ratlo of ‘non- br1dg1ng oxygens to tetrahedral catlons (NBO/T
also depends on thermal history. . .

| The study of the structure of Pb,Si0O, melts prov1des
direct ev1dence of the presence of O’:\anlons in an

orthosilicate melt..That-result when combined with the

implications of the diffuston studies suggests that 02~

PO
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X anlons are present in much more polymerlzed melts a d that

-the proportlon of those anlons 1n “a glven melt depends on - o }
. ' | the thermal hlstory of the melt. That suggest1on requ1res
%

that melt models wh1ch do not. 1ncorporate 0"'anlons ‘be

1
P 2

reassessed. . - ' S : : I
. ’ 4

. The two 1nvestlgatlons of iron redox equ111br1a in
.basaltlc melts prov1de an’ 1mproved predictive equatlon for .
g o
the ox1datlon of iron. in natural melts and a model process

which may account for the presence of reduced phases

i

. 1

.' - (graphite and Fe®) in quenched rocks whlch are apparently ) .x
t . ‘i

K . a . A 4
too ox1dlzed to allow those phases. o . !
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I. Introduction
/
A. Introductory remarks .

.Geologists‘and geocheﬁdsts have been studying silicate
melts for most of the twentleth century\*Those studles have f
" progressed ;rom determinations of phase equ111br1a .and /
physical propertles in 51mple synthet1c systems (e.g. Bowen,
1913 and 1915- Kozu and Kanl, '1935) to investigations of
melt structure (e.g. Taylor and Brown, 1979; Mysen et al.,
19804; ahdfde Jong and Brown, 1980) and the thermochemistry
of silicate melts (e.g. Carmichaei et al., 1977; Richet and
‘Bottinga, 1980; and Weill ét al. 1980) A present emphasis
in the study of 5111cate melts is the study of kinetic
phenomena {e.q. Watson 1979- Klrkpatrlck et al. 4981- and
Karsten et al., 1982). Such stué1es have prov1ded a great
deal of information abQut th%'crystallization, structure and
chemistry of silicate melts. However, one.aspect of the
study of silicate melts that has‘réceived compsratively
little attention'is the role p}ayed by oxygen in siliéate
melts. ‘ -

This thesis is an attempt to fill some of the gaps is
our knowledge sf the behavior of oxygen in silicate melts.
To that end, five more orxless‘fndepepdent investigations
were undertaken. The resu]tsvof these researches are ’
presented in chapters 2 through 6 of this thesjs..Each of

chapters 2 through 6 is written as an independent paper and

has its own introduction and conclusions. Therefore, while

.
t
L3
i
3

Lelt}
5




-tpls chapter briefly describes the ratlonale for the st dy
' as a whole and to some extent for the 1nd1v1dual chapters;
the detalged ratlonale‘for each study is left to the
(beginning of that chapter. Similarly, the cencluding chapter
(chapter 7) is prineipally a summary of the 1n61v1dual

conclu51ons of chapters 2 through 6.

B. Rationaie'behind the Yresearch

Oxygen .together with silicon and alumlnum COnstitutes
.the strUCtural framework of all 51l1cate melts. Oxygen'
-accounts .for more than 90% of the volume in all geological
silicate melts. Furthermore, the coord1nation polyhedra of
all the cations in a silicate melt are.formed by oxygen.
Highly charged catlons (pr1nc1pally Sl‘f"and Al") are bound

o

to oxygen "anions” to form the 5111qate (or’ alum1n05111cate)
anionic units which define the strﬁ%ture of the melt. Other,
less highly charged cations (e. g. Mg", Ca®**, Fe**, Na*, and
K*) ‘occupy the 1nterst1t1a1 "sites" between the‘anronic
units, There may also be oxygen anions (0?-) occupying the
interstitial "sites" as Bockris et al. (1948) suggested on
the ba51s of the1r electrical conduct:v1ty data. However,

~ the models presented by some workers (Mysen et al., 1988%%y
1980b, 1980c, 19806, ‘and 1981) do not allow for oxygen
anions imr melts’with NBO/T (ratio of non-bridging oxygens to
tetrahedral cations5 of less than 3. Conversely,'the models

of melt structure presented by‘other workers (e.qg. Mass~n et

al., 1970: Hess. 1971, 1975, and 1977: anAd Smart and
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melts are to be understood :' S

‘investigations of the chemistry and kinetic behavior

-diffusion is of the same magnitude as cation diffusivity it

. . i
. o . ¢
Y
5

Glasser, 1978);Feqd3re the presence of 0" anions in all
melts. That dlfference in 1nterpretat10n is 51gn1f1cant and

must be resolved if the structure and chemlstry of 5111cate-

- 3
4 S :

e .
Oxygen, because it accounts for most d(ithe vblume in

—~a

- silicate melts is in a unique p051t10n relatlve to the

other constltuent elements of 5111cate melts. The chemical
and kinetic behav1or of oxygen certainly affects the
benavior of all other components in the melt. Consequently,
(diffusion) of o&ygen lh melts can provide a great deal of:
information about the overall chemistry and structure of
those melts. ' | - :
Oxygen diffusion in silicate melts

Coﬁparison of the diffusivity of oxygen with the

diffusivities of cations can provide an indirect assessment

of the structural role of oxygen in melts. If oxygen

may be concluded that the mechanlsm of oxygen diffusion is
similar to that for cations (i.e. oxygen diffuses as a free

an#on - 0%°), Slmzlarly, if the magnitude of oxygen

diffusion is close to that of the tetrahedral cations (Si**

and Al**), ox&gen4diffusion may be linked to tetrahedral-
cationvdiffusionr In other words, oxygen diffuses by the
movement of silicate (or a]uminosilicate) anionic units.

That 1mp119= that the oxyqen in the melt 1s dominantly beund

te the tetrahedral ratxons
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observed that oxygen dlffu51on in silicate melts is
1nversely proportional to the viscosity of the melt. If ‘that
correlation is valid, models, such as that.due-to Eyring | .

(Glasstone et al.; 1941), may be used 'to model the diffusing

N

species from the combined ongen,diffusion:and.viscosity

. : : w .
data. L h

Chaotef'2 oresents the tesults of -a study of the
‘diffusivity of oxygen in three melts along the join diopside
(CaMgSi,O;) - anzkthite (CaAl,Si;O.) at one atmosphere total
pressure. Thatvsystem'was'selected forvthe investigation
because the melts become increasingly poljmerized as the
anorthite comp051tion is approached In-addition there are
good v1sc051ty data for the system (Scarfe et al., 1980).
Thus, the system diop51de-anorthite is ideal for an

investigation of the relationships among melt structure,

viscosity, and oxygen diffu51v1ty
Pressure can have a.considera¥le-effect on the

structure of silicate melts, as has been illustrated by many

workers (e.g. Waff, 1975; Kushiro et al., 1976; Fujii and ?

Kushiro, 1977; Scarfe et al., 1979; Mysen et al., 1980d; and

Tyburczy and Waff, 1983). Because 6f the special position of

oxygen in silicate melts (referred to above), the variation,
if any, of the diffusivity‘of oxygen with increasing,,
pressure should provide considerable information about the

variation of the structure of silicate melts with pressure.
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- depends on the thermal history. Therefore,

Chépter 3 is a study-of th effect of pressure on
oxygen d1ffus1v1ty for three b saltlc melts. The melts
1nvestlgated are natural rock melts and were chosen becauée
v1sc051ty and‘phase equ111br1um data were available for
those or very similar compositions; Consequéatli the study
allows -a further investigation of the'eﬁparent correlation
between oxygen dlffu51V1ty°§nd viscous flow The study also
1nvestlgates the p0551b111ty that oxygen diffusivity may
reflect structural trensformatlons-ln the_melt as a function
of pressure, which are“suggested either theoretically (Waff}

1875), or by changes in the’ llqu1dus mineralogy observed for

basaltic 11qu1ds (e.g. Takahash1, 1980).

‘ »
Effect of. thermal history on melt structure

Gotz et al. (1980) and Kirkpatrick et al. (1981) have

"own that different phases can be made to crystalllze from

a given meIt composition by varying the thermal history of
the melt. Such changes imply that the structure of the melt

an investigation-
of the effect of thermal ﬁistory on the ‘structure of a
sui:;bly chosen melt could provide some very useful
information aboutﬁtbe structure of the melt and could also
yield some valueﬁiesinsights info the role of oxygen.
Orthosilicates define an end member as far as the
structures of geologically significant silicate ﬁelts are

coﬁcerned. The other end member is Si0O, melt. All geological

melts fall between those two extremes. Indeed,vthe models

put forth by Mysen and co-workers (Mysen et al., 1980a,

l ! ! . . 5
\ .
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1980b, 1980c, 1980d, 1981 and 1982b) utilize the

_orth05111cates ?s the low silica endmember. Myséh et al.
(1982b) propose that melts with NBO/T greater than 3 contain
“only SiO A monomers $§i,0,¢" dimers, and Q" anions. 1If
NBO/T is fixed for a given melt comp051t1on (as Mysen et

al., 1982b arque) then the relative proportidns of those

anions will also be fixed. The rbsclt is that the structure '

of the melt should be invariant. On the other hand; if NBO/T
varies with variations 1n the thermal history of the melt
then the relative proportions of the various anionlc _species
h;y‘also change as a functlon of thermal hlstory Such a
melt couldvcontaln_a diverse assémbly of silicate anions in
.contrast to the reiativeiy simple melt envisioned by Mysen
et al..(1982b5 and would certainly have different-physicai
_properties. In any event, an orthosilicate compositien'meft
is not likely to have a large fractlon of hlghly polymerlzed

5111cate‘an10ns and it should be p0551ble to 1dent1fy the
contrlb:tlons of the varioug anlons to the 1nfrared spectrum
of the melt Therefore, an orth05111cate melt appears to be
a good ch01ce fgr,ih 1nvestlgat10n of the effect of themal
hlstory on 5111cate melt structure. Chapter 4 reporte the
results of an investigation of the effect of thermal history
on the strccture of lead orthosilicete melts.
Iron exidationtstate and okyéen activity ;h melts

Chapters 5 and 6 are principally concerned with

applications of the oxygen diffusion data to petrogogic

problems. Both chapters deal with the oxidation state of

n o

&,
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iron in silicate melts.‘Chapter 5 is a study of the
‘.relationship of the oxidation state of iron in melts to
temperature, oxygen fugac1ty, anq bulk comp051t10n..That
lstudy developed as an outgrowth of chapter 3, where it was
Nnecessary to determine the equilibrium oxldatlon state of
iron in th&ee melts at a g1ven temperature and OXygen
fugac1ty. Oxyqen dlfoSIOD ddta were used to determine:the
required time to equilibrate the melts. Those calculations
p01nted out the likelihood that much of the iron oxidation
state data in the l1terature were not equ;llbrlum data.
Consequently, the study reported in chapter 5 developed as
an attempt to expand the data base for the ox1dat1on state_
of iron in melts with new equ1l1br1um data. Chapter 5"
presents new iron oxidation state data for basaltic liquids
S and develops and discusses a predictive model.

Chapter 6 presents the results of a study of the
interrelationship of redox reactions involving iron in a
basaltic melt and the diffusion kinetics of, oxygen Loh et
al. (1981) have shown that the Oxygen activity in melts T B
containing polyvalent cations varies greatly wlth changes of
temperature. They ascribe the changes in oxygen activity to
rapid redox reactions involving the polyvalent cations. The
effects they observed are principally kinetic and are due to
the difference in the rates of cationic redox reactions
(fast) and oxygen diffusion in the melt (slow). Chapter 6
presents the results of a study of the feasibility of using

an oxygen activity prohe (Arculus and Delano, 1881) to




directly monitor the activity of oxygen in  a basaltic melt
\ £ .
during heating and cooling.
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L. Oxygen Diffusion in Three Silicate Melts'along the Join

s - Diopside-Anorthite

A. Introduction

| Oxygen self-diffusion in 5111cate melts and glasses haﬁ
recently been a very active area of research. Table 1
summarizes the bulk of the recent work for 5111cate melts.

The reasons for this activity are duite numerous, but are

. centered around the fact that oxygen is the major

constituent of silicates. Consequently, studies of the -
kinetic behavio; of oxygen may yield a great deal of
infosmation about the stfucture and chemistry of silicate
melts. ;

In an attempt to systematically investigafe the
relationships between oxygen self-diffusion and-meit
composition, the diffhsiQity of oxygen has been measured in
three melts along'fhe join diopside-anorthite. Those
compositions (Table 2).were chosen because samples were 
available upon which Scarfe ef al. (1980) have madé .
viscosity.measurements. This allowed an investigation of the
validity of the Eyring model rélating the activation
energ{es of oxygen diffusion and viscous flow. Such a study
is suggested by the close correspondence of the'experimental
dats of ¥Yinnon and Cooper (1980) and the Eyring equation

model values for oxygen diffusion coefficients in a

soda lime-silica melt.

<
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«Table 1. Oxygen diffusion data for silicate melts,
Composition (wt%) T°C D, E Ref.
: (cm?/s) (kcal) '
c i '
Na,0Ca0Sio0, . b 1000-1300  4.2x10° 53 1
) 25K ,075810, 850-1000 4x10" 62 T 2a
36K,064S510, . 700-1000 2.4x10° 46 6. 2b
Basalt 1280-1540 .0x10°* 90 ' 3
Basalt 1160-1360 5.%10! 54 10a
- - Andesite’ 1260-1360 6.0x10" 60 ~10b
40Ca020A1,0,40S5iQ, 1275-1435 - 4.7x10° 85 - 4
, 40Ca020A1,0,40Si0, '1320-1540"' . 1.8x10" 54 " Ba
e 40Ca020A1,0,40Si0,  1000-1450 4.5x10° 33 6a
‘45Cao15A1,o,4osio, 1000-1450  4.5x10° 33 6b -
25Ca010A1,0,655i0, 1000-1450 4.5x10° 34 6¢
16Na,012Ca072S8i0, 800-1470 4.5x10"? 38 5b-
. 20Na,080S5i0, 1061-1395 7.9x10" 2 44 5¢
© 37K,0638i0, . 820~ 902 1.7x10" 60 7
7K 2068Pb025S5i0, 578~ 678 3.2x10° 72 . 8
97Pb03510z 1000-1400 . 8.3x10° 24 6d
94Pb0O6SiO, 1000-1400 8.3x10° 25 6e
90Pb0O10Sib, 1000-1400 8.3x10° 26 6f
A Na ,0CaOMg0Ssio, 700-1083 6.3x10" 2 50 9a
20K ,020S8r060S3i0, 680-1121 8.5%x10 ~ 52 ah
References: 1. Doremus (1960) 2. May et al. (1974),
Muehlenbachs and Kushiro (1974 4. Koros and King
(1862), 5. Oishi et al. (1975), . ‘Sasabe and Goto
(1974), .deBerg and Lauder (1980) 8. deBerg and
Lauder (1978) 9. Yinnon and Cooper (1980) 10.
Wendlandt (1980)
. . = .
B. Experimental methods
The method used in this study to measure oxygen
diffusivity is that of Muehlenbachs angd Kushiro (1974), TN~

method involves exchange of oxygen between a spherical
sample of known oxygen isotopic compnsition with an

reservoir of gas,

. . . kY .
"infinite" also of known oxygen 1sotopic
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comp051t10n. After ‘the exchange experlment the entlre sample _ :
is analyzed for its oxygen 1sotop1c comp051t1on This
configuration and analytlcal method allow the solution of C
the d:ffu51on equation (Jost, 1960):

7/

(J“Of—J‘ng)/(J"Oi~J"Og)=6ﬂ"§n"exp(—n’W’Dt/rf) (1)

- where &'°'Of is the 1sotop1c composzt1on of the sample after
the exchange experlment J“Ol is the isotopic comp051t19n
of the starting matgrial, J“Og is the isotopic composition
of’the’sample‘upon equilibration with the gas, t is the
dufatioa.of the'experiment, r is the radius of the sample.
and D is the diffusion coefficient. The appllcat1on of
equatlon 1 to calculate diffusion coeff1c1ents is baSeH on
qeveral assumptions 1nclud1ng. 1) That volume\d1ffu51on of
oxygen is the rate limiting process' and 2) Thae/cbnvecrunn
does not occur within the sample. |

The results .of this study confirm the observations of

~0ishi et al. (1975) that volume dlffuqlon of oxygen is the .
ratéwlimiting_pfocéss in Jong duration exper&ments but may i
not be in ahort duratien runs, as discussed bhelow. ' | oot

The assumption of non-convection within thelsamp}e was
fested theoretically. Rayleigh numbers were calculated for,
the worst case experimentsg (hichest temperature) for ea-h
composition and found to be much less than one. As a
Rayleigh number of greater than 657.5 is required for

b

N convection to occur (Chandrasekhar, 1961), it is concluded




crushed, sealed into Pt capsules with an aJ:quot of '¢0O

AT S f g .,1_2
that'convection did not . occur rn-thelmelts used.
‘Equation } is a-series expan51on. Consequently, 1t 1s

important to know how many terms are required for
convergence. If enough terms are not used too small a.
diffusion'coefficient wili result. The cr1t1cal parameter 1nlu
determlnlng the requ1red number of ‘terms 15 the product Dt
(diffusion coeff1c1ent times the’ experlmental duratlon) AS.
Dt. 1ncreases the number of terms requ1red for co\\grgence
decreases A small exchange fract1on requires man; more

terms than does a large exchange fraction. To allev1ate th1s

o

problem a computer program was used to fit equatlon 1 to the‘lﬁ

data for each experiment. That program adds-terms until the
diffusion coefficient converges within 0.1%. The mininum
numher of terms useé was arbitrarily taken as 100.

| The startin’ materials were aliquots of the same’
glasSes.used by Scarfe et al. (1980). In order to increase
the accuracf of determination of the exchange fractions, the
starting glasses were enriched in:"O by hydrothermal |
exchange with '¢0O enriched water. The glasses vere fhnely
enriched water, and exchanged at 800°C\and 1 }iIObar {/

\

\

pressire. The exchanges were carried out for. .at least seven

N

days. The resulting hydrated glasses were finely ground and .

fused for 1-2 hours at 1450° C 1n an Ar atmosphere., The

glasses were then regrOund and fused for an addltlonal hour

at 1450°C in argon. The resultant glasses. were coarsely

\
rushed and stored at 25°C, <
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Table 2. Melt comp051t10ns used (theoretlcal values, wt %)
and other parameters.

a -

. - ~Cc1 o c2 C3
sio, : 55.49 - 50.33 ‘ 48.11
Al,0, ' . . == 15.39 ‘ 21,99 In
Ca0 . - 25.90 23.49 : 22,46 S
Mgo 18.61 - 10.79 7.44 ?
. R . :
Ef (kcal) " , 39.2 . 52.3 S 51.9 f
T°C(liq) ‘ - 1391 1274 . 1388 . :
120(1) (%0) - -25.8" : -62.3 -73.2 ,
'+0(g) (%0) . +23.5 ;
A

W

' seconds) at the lowest temperature requ1red to melt the

. ’ T - H
] e s ..

E - is the activation energy for viscous flow. Both E and i
. T(lig) are taken from Scarfe et al. (1980). : ' . :

All experiments were done on spHeres of‘glass (10—70

ng) suspended on -weighed loops of 250 m1crometer Pt wire,

The glass spheres were made by placing chlps of the starting

glass on' the wire loops and thoroughly fusing them with;an ) @
oxy-acetylene torch”to yield a bubble~free sphere. The torch

fusion time was’ held to a m1n1mum (always less than 30 - é
sample, that temperature was always below 1760° C (the

melting point of Pt). A reducing flame was used for. the

fusion to minimize oxygen exchange between the sample and

air. For each of the starting compositions, a sphere

prepared in this manner was. analyzed for its oxygen 1sotop1c

4

Composition. Two spheres were analyzed for composition 3 and
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found to have'oaygen isotopic compositions within o.3%5'8f
one another. It was concluded that the sample preparatlon
did not appreciably alter the 1sotop1c comp051tlon of the
starting materlal That conclu51on is further supported by
the 51m11ar1ty of the results of isothermal experiments in
which spheres of different radius were used'(Tablev3 and
fig. 1). Thus those comp051tions were taken as the 1n1t1a1
1sotop1c comp051tions (J“Oi) and are given in Table 2.
Several_samp}es of the exchange gas were collected both

before and after paSsiﬂg'through'the furnace. Isotopic

analyses of the gas samples were within 0.2%0 of each other.j

The mean of -those values (+23 5%0) was taken as f"Og (Table
2). The sphere loop comblnations were weighed and the
°resultant sample mass was used in conjunction with melt
densities (calculated using the method of Bottinga et al.,
1982) to compute the sample radii. Radii are estimated to be
accurate within #2%. The samples were also weighed after the
experiments. A change 1in sampie weight greater than 2% was
taken as cause to reject the experiment. ’
The experiments were done in an electrically‘heated

vertical tube iurnace equipped with a gas-tight alumina
muffle tube. Before each experiment, the furnace was set to

the run temperature and allowed to equilibrate. The sample

was then introduced 1nto the cold zone of. the . furnace

-

........‘,-~ LI e R . e -

y 4(temperature less. than 220 C) and the furnace was’ sealed

-y o

-The flow of exchange gas (oxygen) was . started and the system

£

was left to allow the furnace atmosphere ‘to be«purged;of

‘
\
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air. After 30 minutes the sample was lowered into the hot
zone of the furnace, thus 1n1t1at1ng the experlment. At the
end of the experlmedt tﬁeisample was removed “from the
furnace and placed in a stream of cool air. The samples

cooled to amblent temperature (25°C) within 20-30 seconds.

The samples were stored at 110°C ‘until oxygen isotope

analysis. As it is necessary to show that the diffusion

coefficients‘are independent‘of experimental duration, the
lengths of replicate experiments at eath temperature were
varied by a‘factor ot at least 1.5 and up to' 17,

Oxygen extraction was done by the BrF, technique
(Cléyton‘and Mayeda, 1963). The extracted oxygen was reacted
with carbon to form CO,, and analyzed on an isotope ratlo

mass spectrometer (mlcromass 602). The isotopic composition

“of the sample is given as:

S1*0=1000({('*0/" “O)smp/('*0/"' “0O)std}-1) %o : (2)

\

and is reported relative to a laboratory standard. The
. *
isotopic analyses are considered to be accurate within 0,1%n~

v

except as noted below. As the bulk compo=1tzons of the

samples wvere known the theoret1ca1 y1e1d of oxyqen was

e - ¢calculated and used as an 1nd1cator of the quality of the

Y

oxygen extractrons (Table 3). The oxygen ylelds were
determlned by traﬂsferrlnq the CO, (produced by reaction of
the oxygen with carbon) lntc'a known volume and measuring

the pressure. The yields ranged from 24 to 105%. Because nf

f
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the greater than 100% yields observed yields as low as'93.4%
were accepted. The isotopic compositions of the samples are
summarized in Table : &

The isotopic anaMses and the radius calculations are

)
the primary identifiable sources of expefimental error. A
possible‘source of error in Fhe isotopic analysis of samples
. which are significantly different from the standard used is
leakage of gas between the éamp]e and standard portions of
. i

the mass spectrometer. Gas leakage causes the sample to
appeatr to be closer to the standard than is actually the
case., Furthermore, the error increases és f%é aifference
between the sample and standard increases.ng the worst case )
encountered in this study a gas ieak of 1% would resultvigféﬂm
0.7%0 error. Therefore, itvis pos§ible that .there may he
errors as large as 1.0%0 for the more depiﬁted sambles
analyzed in this study. Taking an error of,i%o in the
isotopic analyses ana propoqating ‘it threiigh eqn. 1 yields a
worst case error in logD of approximate]ny.S. The maximum

-

scatter in replicate analysas is approx1mafely 0.5 logD e

f .

units which qupportq fhe error analysis. However' the leak
rate for the mass spectrometeér ysed is generally acsumed &£o

s0 small 3¢ .te he negligihle (k. Muehlenhachs, ne“ﬂ comw.). B
€. Resplts

The experimental results are summarized in Talle 3 aAnA
shoewn graphically in fiqure 1, Mrst rate proceaees in

Fi‘i('?"p melte are c?v(r\(\nnnrin]]v related tnm the invayr ae ~f




Table 3. Experimental conditions and results.

No. T°C

1396
1397
1398
1431
1437
1438
1440
1473
1473
1473

e a2

e e
-“OOJdOUEWN —
D N

1282
1297
1298

1361
1419
1420
1473
1475
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1386
1388
1388
1395
1395
1430
1430
1473
1474
1474

Y
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—~ OO ~JdO U P WA —

2

Ne e o Qe

foel

1300
1387

Time
(sec)

5400
12060
7200
12000
9860
12960
7200
3600
5400
8100

3600

61200
33180
3600

. 29640

3600
14400
3660
8400
3600

10800
7500
7500

12780

14640

15780

90360
3600
5400
7620

| ANAR

'IO
(%0)

-11.6
3.1
-5.6
16.5
14.8
13.5
14.6
4.2
2.1
15.3

-56.3
12.8
4.6
-58.2
9.2
~54.5
18.8
~47.1
8.6
-29.6

-29.3
--35.4
-43.2
-30.1
~27.6
-26.2

20.5
-43.3
-40.8

18.7

Nvyagen yield

r{cm) -logD

(cm?/s)
0.172 -7.32
0.153 7.05
0.172 7.10
0.110 6.83
0.122 6.83
0.132 6.82
0.137 6.49

17

yield
(%)

96.
94.
80.
99.
95.
101.
96.

O WO

0.156 6.82 .
0.149 6.8
0. 6.82 98.4

0.131 8.64
0.109 7.50
0.127 7.29
0.192 8.64
0.114 7.24
0.192 8.64
0.115 6.65
0.157 7.68
0.120 6.66
0.158 6.95
0.109 7.61
0.090 7.73
0.107 7.80
0.112 7.64
0.116 7.61
0.159 7.34
0.132 7.24
0.116 7.42
0.127 7.44
N, 115 RN

Rejected due to surfz=ce effocts (con tevt)
,o-

97.7
104.3
n.d.
93.8
104.2
98.7
103.0
98.4
101.1
99.0

26.
101.
95.
101.
95.
86.
73.
105.

99,
na
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FRgure 1. Arrhenius plots for the ceomposition 1 (c1), 2
(C2), and 3 (C3) oxygen diffusion data. The equations of
the regression lines are given in the text as equations
4, 5, and 6, respectively.
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the absq}ute temperature. Such a relationship is termed an
Arrhenlus equatlon and 1s glven for the case of d1ffu51on by -

equation 3:
~ .
D = D,exp -E/RT) o e (3)

-~ ‘ - ' . 3’7
where D is the diffusion coefficient, D, is the Arrhenius

'frequency factor, E is the Arrhenlus actlvatlon energy, R is
the gas constant, and T is the absolute temperature. The -

data for the three compbsitions can be fit to Arrhenius

equations to give Arrhen1us actlvatlon energles for. .oxygen:

. diffusion. The resultant equatlons (shown as solid llnes 1n - A@

fidgure 1) are:

!

N=(1.66 x 10" )exp((-63000)/RT) (cm’/sec) r:=0.39  (4)
D=(1.35 x10° ')exp((-47000)/RT) (cm’/sec) r*=0.7% (5)
={(1.29 x10")exp((-44QOO)/RT) {cm? /sec) r’~0.86 ()

for compositions t, 2, and 3, respectively. The activation
energies are 63%20 kcal_for composition 1, 47+9 kcal for
composition 2, and 44+6 kcal for composition' 3, The errors
quoted are calculated from the regresaion analyses using the
method of Birge (1932). The activation energies for
compositions 1 and 3 are based on data from all of the

experiments not.rejected due to low oxygen yield, but the
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activation energy for composition 2 is not. The composition
2 experiments. form two trerds which intersect only at 1782bc
(fig 2.). These two data sets may be'delineated in terms of
enper}mental duration the value of Dt, -orvexchange
fraction- The experlments hav1ng a longer duratlon, a higher
value of Dt or. a hlgher‘exchange fraction fall into the
upper set wh;le those experlments of short duratlon, small
exchange fraction, or loyerth value fa}l intolthe lower
set.‘It'is apparent, where oﬁiy a small fraction of oxygen
was ekchanged that some process other than volume d1ffu51on
IS the rate~lrmrt1ng prbcess. Hofmann*and Magarltz (1977) ‘.A‘g' {;,.

noted that a cr1t1ca1 Yalue of Dt had to be exceeded to

decrease errors from competlng transport processes “The
Ocompomtlon évdata 1nd1cate that the cr1t1ca1 value of Dt is
approximately 1 x 10°* cm?® for the experlmental
configuragion used in this study. Samples having smaller Dt
values were rejected (Ta?(e 3).
That ;xperiments having higher exchanée_fraction; give
similar D values regardless of the experimental duration
indicates that the competing process is itself of short
duration. The competing preocess is most likely the
establishment of a surface equilibrium bntneen the sample
and the furnace atmosphere, !
Th¢ normal test in diffysion studies for surface ]
eff;cts is tn plot the product of the diffusion coefficient

and the exper1menta1 duration- (Dt} wersus the experlmental

deuratlon (t) for each set' of isothermal EXDeflmentS TE

.- e . : - - .-
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Figlure 2. Arrhenius plot for the composition 2 oxygen
Aiffusion results. Experiments having Dt values less
than 1x10-* are shown as circles and those having larger

Dt values are shown as hexagons.




there are no surface or other competing effetts suéh é plot“

will be linear and w1ll pass through the or1gln. In addltlon
D Was plotted agalnst experlmental durat1on (t) for each
'1sothermal serles of experiments. The plots for co 051tlon
2 show that volume dlffus1on is not the rate limiting
process for the low Dt experlments Therefore, those
experiments were re]ected. While the plots for compositdons
1 and 3 show some vagiation from the ideal, the absolute
varlatlon 1n the D values is not systematic and is always‘
small (less than 0. 3 logye unlts) CoﬁséQﬁeﬁtlg, all,of,the

data were used for compositions 1 and 3 as noted above.

# -

D. Discussion
Teble ! summarizes the bulk of the prevlons oxygen
diffusion measurements for silicate melts. The results of
this study may be compared to those data either from the
point of veew of activation energy. or on the hasiec of the

absolute magnitude of the measured diffusivity, Before

,maklng a comparlson on the ba51s of att1vat10n energies, it .

“lis de51rable to con51der the phy51cal mean1ng of the’

Arrhen1us activation energy.

Mechanisms of oxygen d1ffusion in silicate melts have
been and continue to be enigmatic. It isg, however, egsential
that some understanding of the mechanism of oxygen diffusion
in melts beffichieved. Without such an understanding the
physical meaning of the Arrhenius activation energy for
diffusion remains abstruse. | |

7/
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‘Among the mechanisms which have been proposed are:
diffusion of free oxygen anidns diffusion b§ combined .Si-0
‘bond rupture .and -free anion. movement diffusieh bymoxygen

transfer dur1ng react1ons among large silicate anions (with

<

or without free oxygen an19ns) and dlffu51on via rotatlon'
0 .

and translatlon of large 5111cate anions without bond

rupture. Mechanisms involving bond rupture have been

suggested in stud1es where large actlvatlon energ1es have

. been determlned (Muehlenbachs and Kushlro, 1974 Koros ard

King, 196?) thereby relatlng the actlvatlon energy t¢ the
strength of the Si-O0 bond. Oxygen dlffu51on v1a free bxygen
anion movement has been proposed by those workers whose
studies yielded low activation energies (Sasabe and Goto,
1974 and Wendlandt, 1980). In those cases, the activation
energy is associated with the energy required to move a free
oxygen anion from one “site" to another. Studies in which
Jnrermedlate activatlon energles vere determined tend fo
support diffusion via combxned merhanisms (c.f. deBerg and
Lavder, 1978 & 1980). = ° » y
The Arrhenius actiyation energies for ekygen diffusion

determined in this study (C-1: 63 kcal/ﬁcle, C-2: 47

“kcdl/mole, and C-3: 44 kcal/mole) are of the saﬁe order of

- <
magnitude as those determined by Deremus (1960), May et al.

' 4
(1974), 0ishi et al. (197%), Wendlandt (1980), deBerg and

Lauder (1978 & 1980), and Yinnon and‘Cooper (1980) for

~oxygen diffusion in other silicate melts. However, the

[

activation energies measured in this study are con51derably

LSRN
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smaller than those determined by Muehlenbachﬁ and Kushiro
(1974) and Korog and King (1962) for oxygen dlffusdon_in '
" natural basalt and ‘CaO- Al O SlO2 melts, respectlvely, and | . ’
are greater than those determlned by Sasabe and Goto (1974)

.

for a variety of silicate melts,

The activation energies determihed by Muehlenbachs and
Kushiro (1974) and Wendlandt (1380) for basalt melts, are
very dlfferent (90 and 54 kcal/mole, respectlvely) The 90
'kcal/mole reported by‘Muehlenbac§s and Kushiro (1974) is the
iargeSt.Arrheﬁius activation eneréy‘for oxyg;n diffusion in
a silicate melt yet getermined, The only similar value is ’
that reported* by Koros and King (1962) for a Ca0-Al,0. SiO,
melt (85 kcal/mble) Howpver the result of Koros and Klnq
(1962) is guestlonable as 0ishi et al (1975) have reported
An activation energy of 54 kra]/mola fer oxygen dlfoQ‘OH';H
A nelt of the same compeosition. Sasﬂﬁé and Goto (1974) have

also studied the same melt composifion as Okshi et al.
(1975) and Koros and King (196?) and rppor; an»aﬂt1vat10n
Pnergy of, 33 kcal/molé. However, Saqabe and Goto (1974) did
their measurements via dkygen ion electrode and as Tran and
Brungs (1980as&h) have shown such methods are fraught with %
difficulties, In addltlon the results of Sasabe and Goto
(1974) fall well off the trend defined by-all other oxygen
diffusion ﬁeasﬁrements‘on a compensation law plot (fig. 4)
which is discussed below.

The other basis for comparison is the magnitude of the

diffpsion coefficients. Figure 3 is an Arrhenijus plot of the

-




‘results of this study and the data summarized in Table 1;
The data define a range of oxygen diffusivities,spanning
‘approximately 2,5 ordéfs of magnitude at a give;
temperatureﬂzThe dnly data which'fail outside that range are
those of Sasabe,and Goto (1974) which are frow tWo to three
orders of magnitude dreater than the rest of the oxygen data

_and do not‘éveﬁ'plot within the range of fig, 3. Tﬁe‘scatter
in the data combines with thekpaucity of tge results to make
it impossible to derive anyrco%relatinn between melt
composition and oxygen diffus;virv.

Notwithstanding this lack of a correlation, fig. 3 is
useful in showing thab Arfhénius activation energiéq are not
neccessarlly a good basis for comparison of dlfoSth data..
The results of Oishi et al. {1975 and Koros "and Kan (1962)
for CAO0-Al,0,-Si0, melts illustrate this well. Figure 3
shows rh;t the results of those two studies ‘are similar when
;he_actua] magnitﬁdes of the diffﬁsion coefficients are
compared, et®n thoutgh their éctivaticn energies are very
different. ;

The actua]vmégnitudes of oxygen diffusion*coefficiogfa
(Tablés 1 & 3) aré"similaj to those of various divalent
cations (see figf 3). In some melts oxygen has been reported

gkg be the fastest mrving qpec1eq in the melt (0Oishi et al.,
1975). However, the Aiffucivities measured in thie study are
Jess than t£ose of divalent cations by up to an order of

maénitude' Physical mobility must be related to the

mechanism of diffusion. If oxygen moves as a free anion




Figure 3. Arrhenius plot showing the results of this study

(Ct, C2, & C3), previous oxygﬁn diffusion measurements
{(numbers refer to reference n mbers as givern in Table

'), the field of divalent cation diffusivities as given
by Hofmann (1980) and Watson (1981) (dotted box)., and

the silicon diffusion data of Towers and Chipman (1957)
(dashed Vline). . ,
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(0*-) its rate of movement will be comparatively rapid like

that of a cation of similar size and absolute -charge.

Similarly, if oxygen diffuses via bulk translation and ®"

rotation of large silicate anions, its mobility is expected

to be small compared to divalent cations. As oxygen mobility

is'generally“similar to, or Slightly less than divalent.

cation mbbilitf; oxygen may diffuse by a combination of the

mechanisms discussed above. The resplts of this study

bracket the silicon diffusion data of Towers and Chipman

about oxyge@ diffusioh mechanisms. However, the results of «

Oishi et al. (1975), Koros and King (1962), and Towers and

Chipman (1957) when taken in conjunction with the results of

Yinnon and Coopér-(1980), show that omparisons between the

- relgtive mobilities of oxygen and cﬁtions for

compositionaliy diverse meits are not necessarily valid.

Thus, the measured oxygen diffusivity may be thought of

. as répresenting a weighted average of the contributions from

“the various mechanisms. This hYpothesis may be extended to

provide an explanation for the slope changes_obsérved in
plots of 1lnD versus 1/T (Yinnon and Cobper, 1980; deBerg and
Lauder, 1978 & .1980; and Oishi et al., 1975), by péstulating
that such ﬁlope changes represent zones of transition from
the dominance of oné mechanism to another. This hypothesis
is also compatible with the fact that the slope changes in
InD vs 1/T plots are generally at or near the glass

transition temperature, where the translatinnal degrees of

3. B i r Dl +JA 108 T 2 s o Ry 1S it

o

(1957). This may.be taken as contfadictorylto the conclusion ..




'factor and the ﬁrrhenlus act1Vatlon energy (1og,,D° and E
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freedom in the system are’ lost w1th decrea51ng temperature.
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Compensatlon law SRR S ”f - wn o

Wifichell" (1969) and Winchell and Norman (1969) have
proposed that all iénic,difiusivitres in silicate melts and
glasses become similar at apﬁroximately 1497°C. This

conclusion is based on the observation of a linear
ks ’ ' £ Dek
relatlonshlp between the log of the Arrhenlus frequency
ﬁ" 2 y

iy

L

e
respectively: see equatlon 3). Hofmann (1980) has expanded .

the data’ base used by Winchell (1969) and Winchell and

‘Norman (1969) and reports the relationship:-

log,.Do = 1.08 x 10" ‘E - 5.50 | | (7)

where D, is in cm?/sec and E is in cal/molé-deg. The

frequency factors and activation energies determined in this

. study are withih experlmental error of the line represented

by equatlon 7, when the errors inherent in equatlon 7 are
considered. The oxygen diffusion results of this study along
with those in Table F@ﬁexcluding Sasabe and Goto, 1974)
definea line essentially identacal to Hofmann's result

(fiqure 4) with the equation:

10g..D, = 1.27 % 10" 'E - 6.52 r’=0.76 . (R)

From equation 8 a critical temperature of 1448°C can be

calculated. That temperature ie in reasonable agreement with

s,

-a
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Table.4. Calculated x, and-(r;1,) ¥* valués for the diffusion .
of 0?* and SiO,*".
o~ Si0,*-

A 7.13%x10" 'cm 2.42x10 *cm

e A - -
6?2"1:)‘/, 3.59%10 *cm ‘ 6.R3Ix 1IN0 "m
) - .

critical temperatures calculated by Winchell (1969):

°C, Winchell and Norman (1969): .1504°C, and Hofmann
(1989): 1770°C. Equations 7 and 8 and fig. 4 show that the y

S | .
‘treni of the oxygen diffusion data are compatible with the

compebsation law as proposed by Winchell (1969),

he work of Sasabe and Goto (1974) has been excluded
from the compénéatéohniaw calcylation as their data fall
well off the trénd defined by all ~ther oxygen djffusion

Qdaté (fig. 4). :This ohservation in conjunction with other

Kconéider tions discussed above leads to the conclusion that

the resullts of Sasahe and Goto (1974) may be in error. T

Comparisan with the Eyring model
\ Yinnon and Cooper (1980) and Oisbi et al., (1975)

' rebort good agreement betweéen measured oxygen diffusion

Egoéfficients and those calculated uysing the Ryring equation

(eqﬁation 9) .

Y . ' B
| .

b
Von

D =kT/7} (9)
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Figure 4. Compensation law plot for oxygen diffusion. The
results of this study (hexagons) and all previous oxygen
.diffusion-data (circles) except those of Sasabe .and Goto
(1974). (triangles) are used to determine the = = .
compensation law equation for oxygen diffusion (solid -
Yine). The compensation law for cations as given by
Hofmann (1980) is shown as a dashed line. The equations

of the two lines are given in the text as equations 8
and 7, respectively.

i
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The parameters in equatlon 9 are the diffusion coefficient
(D), the Boltzmann constant (k)“the ﬁelt'v1sc051ty (%) 'the‘
absolute temperature (T) and the characteristic partlcle
translation distance (A), D values were calculated from the
viscosﬁty data of Scarfe et al. (1980) and an assumed value
ofoRof 2.6 x 10" *cm (the diameter of an oxygen anion). The

’

calculated D values are larger than tHbsé mezslired, by

o . L A ~“

approximately an order of maqnltude This difference is
. .

considerably largér than that reported by either Yinnon and
Cooper (1980) or Oishi et al. (1975). |

The use of the Fyrlng model (equation 9) to model
diffusion requires the aqenmptlon that the dlffns;ng species
is also the viscous flow unjt. The failure of the Eyring"
model t~ adequately model the measured oxvgen diffusivities
of this etudy, when oxyqgen anioé ie taken as the viscous
%10w wnit (V-2 6x10 "cm), implies either that 07 = not
the H*ffusino speciee or that O is not the vigenus flow
nnit . While ecompneiticng ! and 9 have essentially jdentics)
oxygen diffusivities, the Aecrease in the magnitude of
oxygen diffusivity between compnsitions 2 and 2 is as the
Eyring molel predicts. Algn, af the value of A in equation 9
is increased, Eyring mndel diffusivities can be brought inkn
quit= close agreement with the Aiffucivities meacured in
Fhie gtudy,

The form nf the Ryring emquation given in equatien 9 hae

heen simplified by an asgsumption abeut 2 . Without that

aseymptieon the squation bhecomesg (Glasstone et Aal., 1941).




v

' . . . D = .A|kT/7A._z Aa v _‘ ‘ , - ~(10)

where 2, is the interatomic distance ‘in the direction of
transport and 2, and a, are the interatomic distances
perpendicular to the transport direction. The assumptiaon

that the product (XA, Aa,2,) gives the effective volume of

P A

‘fthe dlffus1ng spec1es may be uséd 1n‘conguncf10n WIth the

measured v1scosi?y and diffusivity to compute values for A,
and (2,2 ,)'" . The results for composition -3 at 1400°C,
assuming’ that- the diffusing Spécie§ is 0%~ (V59;éxfd“?‘cm‘)
and SiO, tetrahedral anion (V=1x10-*2cm?), ate shown in
Table 4. The'value of A, determined for thF O" case is

- -

clearly too small to be realistic as it is smaller thaq fhe

radids of 0" . Whereas, the values determined for the SiQ,

case are more reasonable. This may be taken as implying a
larger diffusion unit than 07" animng® However, complete
cation diffusion data for this melt composition are required

Fo substantiate this =upposition.

E. Conclusion - *

| The results of this study are compatible with péevibus
oxygen diffusion measurements for a diverse selection of
silicate melts. However, there is a great deal of scatter in
the data (fig. 3). which precludes the identification of any
systematic~ trends or relationships between oxygen
diffusivity and silicate melt rnﬁposifion. Some studies

(0ishi et 3] , 1975 Wandlandt, 1980, and this study) do

L




< ST show a rough 1nverse relatlonshlp between.oxygen dlffu51v1ty
- Vand the 5111ca content of the melt, However that
correlation 15'§ar from conclusive;
The seiffdiffosiOn coefficients do not agree-with the
Byring eguation unless mean ionic jurlip‘,dista'n'cesv'»(z’l )
: considerably larger than the,diameter of the oxygen'an;on
PP | -are.assumed. However the sense of variation of the actual
dlffu51vrt1es is Es the Eyrlng equatlon pred1tts. Flttlmg -
the data to the Eyrlng equation by varying the perameters‘“
allows an estimate of the size of the dlffu51ng spec1es to
be made. For . the comp051t1ons studled the average 51ze of i
N . the defus1ng species is too ]arge to be an oxygen anion bnt i
it . 1s smaller than any of the s:llcate anions present ih
melts’ except the monomer (Si0,* ).
Cons1derat10n of the results of this study and the bulk
of prev10uq work shows that oxygen conforms to the
compensatloq law for cationic diffusion in silicate melts
and glasses. The range of oxygen diffusivities was also ) é
found to encompass the range of divaieht cation
dlffh51V1t1es in 5111cate melts,
These results lead to the rather speculative conclu51on
‘that the diffusion of oxygen in silicate melts may involve a
contribution from a cation-like diffusion mechan;sm as well

as contributions from the Aiffusion nf larger structural

R .
unite in the melt. N
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vtIiIL Okygeh Déffﬁgién iniBasaltic.Liéﬁidg,Af,éi;§a;éq;
- ‘ Ptessufesj | o
- o,
A. Ihtroduction
Measurements of component diffusivities have proven
very useful in increasing our understanding ofAé variety of
processeé in silicate melts. Oxygen, however, is unique

becauses it

is the major_cqmpon§nt of all silicates. As such,
the kinetic behavior of oxygen in silicate lgquiéé strongly
affects and may indeed control the kinetic - and chemical
behavior of the other componerits in the mélt; In this
respect;'bﬁpna(19§25”and Oishi et é}:;.(39é2fﬁhaVe_shown
that oxygen diffusion data can be very useful in
understandihq the structure of‘silicate melts.

The data set for oxygen djffusioq In silicate melts is
guite restricted'(ann, 1982). The bulk of the data js for
simple systems which are of limited.applicability,to
geological problems. With the exception of Muehlenbachs and
Kushiro (1974), who report oxygen diffusion results for a
basalt liquid, and Wendlandt (15980), who presents data for
tholeiitic basalt ana aﬁaesite me%ﬁs, there are ne oxygen
diffusion data for rock melts. Unfortunately, their results
fer basalt liquids are significanlty different. While that
difference nrobably reflects differences in experimental
methods and melt composition, it is impartant that the

Aifferenme be ragclved.

34 - 1
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All ex1st1ng oxygen dlffu51on data have -been- determlned

.

_at one atmosphere pressure. Oishi et al. (1975) have shown

that oxygen diffusion iQ silicate»melts is inversely related
to tﬁe ;iscogity of those melfs. Recent work on the pressure
dependence of the‘viscosity of'basélfic liguids has revealed
that with increasing pressure the viscosities.of those melts
either remain essentially conStant (olivine nepﬁelinite -
Scarfe, 1981), decrease slightly (1921 Kiladea tholeiite -
Kusbiro et al., 1976), or decrease significantly (alkalj
basait‘~ Scarfe, 1981). Those resulté imply that oxygeh
diffusivity may increase with increasing pressure in
contrast tdithelbehavidr of Ca (Watspn, 197°) and CO,
(Watson ef Aal., 19R?2) (the only other species ;hoée
diffusion has been studied as a function of pressure).
Therefore, the Adiffusion of oxygen in » series of basaltin
liquids was investigated as A function of pressure.

The compositions chosen for this gtudy (Table 5) are an
clivine nephelinite from Hamada, Japan, an alkali nlivine
basalt from Kettle River B.C., and 19871 Kilavea tholeiite.
The three comperitinne were chosen becanse they increasinglvy
approach silica saturation (nephelinite to tholeiite) andg
there are both viscosity and phase equilibrium data for
these rr similar e mpositiors as a functinn ~f pressure. The
three crempositiong alleow an invegtid;at—_im» nf the effa-te ~f
temperature, preceure, and bhulk rompeeitien an gy gern

AV ffpneinan In hngalt i~ Tiquide.
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_ Table: 5. Composition of7étafting ﬁétefials,

i . o L

N oER R KR~ 13 . 1921
Si0, : 37.77 49.63 48.08
TiO, - 2.75 2.43 2.97
Al,0, 12.00 14.63 12.
MgO 9.29 5.91 11.30
Cao - 12.59 9.38 9.44
FeO' 2.08 2.26 2.44
Fe,0!? 13.46. 10.10 10.05
MnO 0.22 0.21 0.18
Na,0 4.29 4.06 2.25
K,O . 2.17 1.25 0.51
P,O" - 2.37 0.50 0.28
Total 98.99 100,36 99.68

Volumetric determination.
Petermined by dAifference hetueen probr Fan and Fer:

“im

B. Experimental
. The experiments were done by reducing previovely

ox1d1zed spheres of basalt glass in a solid medisa

plston cylinder apparatuq (RAyd and anlana 1960) . Tﬁn
oxidation state of the samples was determined before and
gfter the Pxperiment by mjrfb*titvation (Wiison, 1960) Tha
spheres ~f glass were parked with graphite powder intc
qraphufe capsules. Tn this experimental configuration,
oxygen diffuses out of the spherical samples into an
effectively infinite recervoir of draphite. Analysis of the
N
entire sample after the experiment allows the eolution ~f

the diffugion equation given by Jrat (1060) 1~ apply »

7
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{FeO(f)-FeO(e)}/{FéO(i)—Feb(e)}ESW"én"EXP(-n’ﬂ’Dt/g’)FWTTT”ﬂ”T

v

-~

where FeO(f) is the wt. ¥ FeQO in the sample after the
experiment, FeO(/i) is the initial wt. ¥ FeO in the starting

glass, FeO(e) is the equilibrium wt. % FeO in the sample, D

is the diffusion coefficient, t is the exper imental B
dvration, and r is the radius of the sample.
L. .

Equation 11 is a series expansion and it is important -
to know how many terms are required for convergence. If
enqugh terms are not useé, too small a diffusion coé}firienh
will resnlt. The critical parameter in defermininﬁ the
reéuirpd number of terms is the product of the diffuéinn;
coéfficient and the experimental duration (Dt). Ag Dt
increases the numher of terms required for convergenrce
decreages., Ton alleviate this problem a computer nroqva%
ueing » l‘ge number of terms (>,°99) wae uysed to fit egn. 11
te the Anfﬁ frr each oxperiment uging a renveygence Timit of
N1y

The approaéh used bere measures the chemical
diffousivity of oxygen rather than Sxyqnn self diffusion. :
That ies because of the oxygen %hemica1 potertial gradient

F
impssed hy placing a highly oxidized eample inte extremely

Boe s T

reducing conditions (Aiecussed below). The Arteormipatinn f
NYyQgen /“iffnci\'ﬂ-y Py metit ‘sring the rate of vedul el o oaf
iren in the esample raeqguireg that avygen Asffuoaiecn he tha
rate 1imiring prorese . That the reduct ian or A~xidation of

-2
Eransitinon metal catinang in &ilicate meltg is rapid compared
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the oxidation-geduction behavior of arsenic in
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ﬁéé been demonstrated by several

to oxygen diffusisn

7

. RV )
workers. Semkow et Al. (1982) have directly measured the

——,

fand reduction of Ni, Co, and Zn in

v

rates of oxidation

’
7
1

diopside melts and found them to be fast compared to

. f
Il

diffusion (The f¥rst order rate constants are on the order

of 10°° cm/sec gt 1500°C). Loh et al. (1981) investigated

s0da~)ime-silica melts using immersed oxygen fugacity

probes. They /found that immediate oxidation or reduction

cccurred on coeling and heating, respectively. The melts

v

¥ .

“then equilibrétodrslowly by diffueion of oxygen into or out

of the bulk melt. Similarly, Tran and Brﬁhgs (1980h) fryen ;
that the rate of cxidative egurilibration was greatly i
enhanced by et ir:ing tha melt t hon Arrcreacing A3 fFfugi e ;

rath lengths.
Tn addition te the arguments ahnve, it ig Neressary tn
ehow that the Aiffusion ccefficiente are independent ~f

eithey sample size, or experimentsl duratisn. B th teatres

were

Ane in this ctndy (Table 7), but the tagt nf

independ~nrne froem FamﬁwP ci17e predominated due ta the fn-d

thatf two eamples ywere g~nerallv rvn together in each

expPlriment The reenltas (Tokle 7} ~hew that the Aiffurion

cobffiriarte meaenrel ars, in mar' caepr inﬂapnnﬂghl N

hg*“ time and eample cize.

/

Dane (10R2Y and “‘ighi e Al {1878} nnred thar the time

equired to eetallieh surface equilibrium ranged erronenus

/resulfc in shart Anrgtian ~xygen Ajffusion aexperimente. Evan

j
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though the experim;ﬁts done in'this study were short (< 1
hri), the‘establishment of surface equilibrium is not
thought to be a problem because of the experimental design
and procedure useé in this study. After loading into the
graphite capsules with graphite powder, and before heating,
the‘samplés vere taken up to a pressure 3 to 5 kilobars
above the run pressure. Thisg ovérpressurinq r&mpresses the
sample'assnmh1y, seats the thermocouple, and forces the
sample into intimate contart with the graphite powder,
'tﬁereby, assuring vapid aFtainment g& surface equilibrium
upon bheating. Aftrer thar step, the experiment was initiat~
by rapidly heating the‘SﬂmDie,tO Fhe run temperature ‘the
time from Q00°C to run T wae generally leas than 18
seconds). The experiments were terminated by shutting off
the power., The water conled appﬂratds quenched the charge ¢
approximately 250°C per cacond. Several RampW:q cxamined
rtically were completely glassy.

The starting glasces were prepared from rock powdérs by
multiple fusion in air at 1350°C (nephelinite and tholeiite)
or 1400°C (alkali basalt) in cevered Pt rrucihles. The _
samples were cru;hod between fucions. The homogeneity nf +he
éfarfinq glasses was determined for the major elements hy
electron micrroprobe and for vFen hy =2t ltaa-t four replicatle
F~" analyses (Tab1; 5) .

The microprobe analyees were drne an the Unjivereity of
Alherta ART.-SEMQ automated microprobe by wavelength

\dispercivn methads. Data redurtion was done by the method of

it
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" Bence and Albee (1968) using the alpha factors 8f Albee and
Ray (1970). FeO anafyses were done by the method of Wilson
(1960). Samples for Fe0 analysis were weighed on eithér a
Mettler M% microbalance or a Cabn Gram electrobalance to a
Frecision of +5 micrograms. The titrations were done with;a

10 microliter syringe. These procedures, when Used with:

reagent «clutinng ag described by Wilson (1960), allow a
< ' ! . .

precision ~af 40 01 wt. % FeO for a 10 milligram sample. To

teet the accuracy of the mrthod 25§ Aaliquots ~f BCR-! (8.80

wt. % FeO; Flanagan, 1077) uware analyzed and gave a value

frr FeO ~f B.E+40 .21 wt. %, <Ceveral batches of the reagent

solutions were nused over the rourge nf this srudy Those
soluticne wero rericdi- ally standardized against each other

as well == agninst the initial bateh ~f ammonium vanadate

>

solutien The TeO “alue reported hrre fnr BCR 1 indicates’

that the eplit had hecrome sliahtly widized. However, as the

FeO contents of the samples in thie study need only be known
relntive ta one annther rather than nwh~1uroly, this dpes

"ot ~ayee a nprokblem
.

'¢

Srharee of the etarting w]asse: were prepared eltﬁerﬁfy
'ﬂ

dirertly gqrinding chips using = qphorp grinder siml‘gg ‘:i;
that Aesrribe8 by Rang (1951), or by gluing chips of g.i,égi

. 3
ante loops ~f Pt wire and fusing the chips ‘ntn roughly
spherisal ehapec at either 1REAC ar 1400°C i n air (a% hﬂf°6
abnve) and then grinding the spheroids inte a final

spherical tshape. Several spheres rrepared in the latter

manner were anglyzed for FeO and found to be

L bt § e T
i e e TR

S e

Ol T i AL S T
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ihdist&hgudshable from the startiﬁg glasses. The latter
method of making spheres was' adopted due to the long times
(10-15 days) required to grind irregular chips into good
spheres. The sample spheres were ultrasonically tleaned,

weighed, and measured with a micrometer (+0.01 millimeters)

y

before use.

A

The experiments were done in a solid media ”
piston-cylinder appar;tus‘(Boyd and England, 1960) using

both 1/2" (above 8 kbar) and 574" (8 kbar and below)

«
assemblies. In order to ascertain that the results échieved +

with the 1/2" and 3/4" assemblies were the same, two runs

were made for the nephelinite at 16 kba;. Thé first run .
(#67a and #67b Table 7) was done_yitﬁ a 3/4" assembly and
tHe other (#11TVTablé 7) was doné with a'l/Z" assembly. The
results for sampleé 67a and 111 are indistinguishaﬁle and

thé errors associated with all three results oveflap.,,
Tempéré%ures were monitored with Pt-Pt,,Rh,, thermocouples

withoft ény pressure correction. Temperatures are estimated

to have an uncertainty of better than +10°C. The pres:uge

éalibration vas done for Qoth types of assémblﬁés by

monitoring the meiting-poiné'of NaCl b& DTA. Pressures
o

reported here have an uncertainty of #0.5 Ebét.

Genefally, two samples with different radii were packed

in graphite powder in a graphite capsile (fig. 5). The

' capsules were then heated to red heat for 1-2 minutes to
- . ' )

drive off adsorbed water and final assembly was done before

the capsule cooled. Samples run in this manner retain their

4
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Figure 5. Schematlc drawing of the 1/2" sample assembly
show1ng the location of the sgmples. The 3/4" assembly
is the same except that:.the graphite heater and the
AlSiMag end plugs are tapered to reduce the temperature
gradient in the 10mm long capsule (Kushiro, 1976).
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shape (no distortion was observed for any of the samples run
in this study). Theaohly?difference-in the sémples after the
expefiments is that they ar§4coated with graphite. The
poséibility that thengraphite might\affecﬁ the FeO analyses
was tested by mixing equal weights o} BCR-1 and graphite

powder together and then analyzing for.FeO. Novinterference

. from the graphite was observed. In all cases, the entire

éample was analyzed for FeO without any pre-analytical
treatment.
L : » ' -
The experimental method described above assures that

the system is on the C-C0-C0,-0, buffer curve (French and

Eugster, 1965). That:buffer curve is approximately one log

unit above Fe-FeO (Eugster and. Wones, 1962) for the

experimental conditions employed in this study. Furthermore,

that curve is well below FeO=Fe,0, (Ernst 1960 and Eugster
and Wones, 1962). The relative positions of the three hnffar
curves are insensitive to changes in pressure ang
temperature (fig. 6). Thus,fthe equilibrium state of the
iron in the samples is expected to be essentially 100%
ferrous throughout the range of temperatures and pressures
investigated. This was verified for each composition by
doiné a long duration run (minimum 4 hours) and analyzing
the sample for hoth FeO and total iren (by atomir
absorptidn). In all cases, total iron (as FeO) was
indistinguishable from FeO. The total iron content (as FeO)

of the samples wae taken as Fel!e) {Ar wae in the diffueion

calculatioe.
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Table 6. Volatile contents of the alkali basalt starting
material and alkali basalt run for two hours at 1350°C
and 12 kilobars.

l -
#61 #74
¥

H,0' (wt. %)  <0.06 <0.086 ;

CO, (wt. %) 0.018+0.002 0.24+0.02 :
' - wt. % H,0 includes the total preésure of non-condensible f
gas (taken as H, and recalculated as.H,0) in addition to P
gas detected as water. i
Analyst D. Harris using the method of Harris (1981),. :
Figure 6. Log of oxygen fugacity versus pressure showing the f
Fe0-Fe,0, (— —), Fe-FeO (— —), and C-CO-CO,-0, :
(-—~-) oxygen fugacity buffer curves at 1280°C (light :
Pine«) and at .1450°C (heavy lines). N

| ‘ _ .8
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Considerable%care was .taken to assure that the samples
wvere anhydrous. This was vgfified in two ways. In the first
case a.sample (#62 - Table 7) was packed into aJPt capsule
with graphite powder. The capéuie was then hedted to red .
heat and welded shut. The sealed Pt capsule was loaded into
a 1/2° assembly, surrounded by Fe,0.,, and run. After the
~experiment, the iron oxide packing was ermined.both
optically and by x*ray diffraction and founé to consist oniy
of Fe,0,, implying that hydrogen did not diffuse into the
sample from the talc pressure:medﬁum.\Furthermore, the
diffusion coefficient determined from .that experiment agreesg
with that determined in anothé: experiment done in the
normal fashion (#63 - Tablé 7). In the second case, the
volatile contents of-a chip of the alkali basalt startinn
material and a ‘chip of alkali basalt run in the narmal
manner at 1350°C and 12 kbar for 2 hours were determined hy
the method of Harris (1981). The results of those
measurements (Table 6) show that the starting material i~
essential1y anhydrous and that it does not gain an
appreciable amount of water in a two hour run (twice the
duration of the longest diffusion experiment). However,
table 7 shows that the CO, ~ontent of the glass increased
from 0.018 wt. % to 0.24 wt. ¢ dnrihg the 2 hour experiment
While Eggler and Posenhauer (1978) and Fggler et aJ. (1979)
bave shown that Aissolved €O, can affeér melt séructure,
their results also shéw that considerably more than 0.2 wt.

% are 1oquired t~ produce a meacureahle effect. Thus, the

~

ree Wt e Gk S st e




QEESCE/Of dissolved CO, has been neglected.in this study.
fhe errofs reported for the oxygen diffusioﬁ
coeffici;nts in Table 7 were calculated by pfopégating all
of the errors due to thé determibaﬁion of FeO, sample méss,
experimental duration, and sample radius through egn. 11.

Those errors are reported at the one standard deviation

level.
”!?

/

C. Results and Discussion

The results of this stuayygﬁé summarized in Tables 7,
8, and 9 and in figures 7 through 11. The temperature
dependence of oxygen diffusivity in éilicéte'liquids is
adequately.des~ribed by an Arrhenius relationship (égn. 12),
where D is the diffnsion coefficient, D, is the Arrhenius
frequency factor, F is the activation energy. R isﬂthé gas
conetant, and T g fﬁe abénlute temperatnre. o

D = D,EXP(~-F/RT) (12)

Arrhenius lines were determined isobarically for the
nephelinite and the tholeiite at 12 kilobars (fig. 7) angd
for the alkali basalt at 4,.12, and 20 kilobars (fig. 8).
The parameters for the regression lines shown in fiénres 7
and 8 are given in Table 8. The activation energies
determined iﬁ this study span the range of previous
determinations of activation energy for oxyézn diffusion in
natural rock melts (54 kcal (Wendlandt, 1980) to 90 kcal

(Muehlenbachs and Kushivn, 1974)),

S T TR W

o
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Table 7. Summary of experimental conditions and results. J

No. T°C P(kbar)
Alkali basalt (KR-13)
72a 1280 4
72b 1280 4
T1a 1280 12
71b 1280 12
70a 135Q 4
70b 1350 4
50 1350 12
58 1350 12
57 1350 12
59 1350 20
73a 1400 4
73b 1400 4
51 1400 12
53 1400 12
55 1400 12
B86a 1400 14
86b 1400 14
81a 1400 16
81b . 1400 16
79a 1400 20
79b 1400 20
56 1450 12
77 1450 20
Nephelinite (C 11)

85 1300 12
82a 1350 4
82b 1350 4
65a 1350 8
65b 1350 8
62 1350 12
63 1350 12
67a?’ 1350 16
67b? 1350 16
111°* 1350 ‘16
68a 1350 21
f3 1450 . 12

t(min)

45
30
30
30
30
30
31
30
30

30
10

FeO(wt %)

9.66+0.03
10..22+0.13
'9.24+0.05
10.15+0.07

10.11+£0.03,

9.1740.06
10.7640.04
10.94+0.03
11.7440.05

8.78%0.04

9.23+0.06.

10.35+0.04
>11.60
11.061£0.04

. 10.09:0.04

9.39+0.12
9.5410.04
9.58+0.05
9.29+0.07
9.53+0.08
5.87+0.08
8.80+0.04
9.21+0.013

11.820.07
12.64+0.09
13.60+0.05
13.00+0.10
12.93%0.11
12.73+0.10
11.9210.05

r(

.

D000 0O0 0O QOO O0OO0ODO0COCODOOOODODOO0O0O0O

OCOO0OO0OO0OOO0O

cm)

.090
.072
.081
.070
.092
.074
.077
.087
.076
.126
.114
.080
. 144
. 125
. 132

073
065

.078
.086
.091
.066
.163 .
122

.087
.079

065

. 126
. 138
.085 . -
. 115

12.85+0.14,0.101
12.8810.06 0.143
13.18+0.09 0.071
12.03+0.19 0.078
12.11x0.05 0.096

BaIE e AW e 0 e J W« \We 0 NS, &)

NAOANORO U U O

-logD
(cm?/sec)

6.57+0.10
.63+0.15
.66%0.11
.5940.13
.14120.12
.53+0.13
.21+0.07
.36+0.04

<6.70
6.35+0.03
.B4+0.13
.90+0.15

<5.84
.74+0.06
.72120.10
.32+0.14
+39+0.12
.4020.12
.381+0.12
.03x0.12
.2420.12
.48+0.07
.794+0 11

[eaN AN e A 0K e AW A0 e A0}

(S 8]

.4910.09
.28+0.09
.2230.13
.78+0.11
.71+0.11
.08+0.10
.07+0..08
.0120.12
.7020.17
.03+0.20
.3720.11
.70+0.10
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Table 7. Summary of.experimental conditions and results

1921 Kilauea tholeiite

No. T°C P(kbar) t (min) FeO(wt%)' r(cm) -logD

' (cm?/sec)
88a 1300 12 120 10.63%0.05 0.096 <6.43
88b 1300 12 120 10.94+0.05 0.076 <6.40
89a 1300 12 30 10.03+0.03 0.086 6.14+0.06
89b 1300 12 30 10.25%0.05 0.078 6.16%0.05
112a 1350 4 15 10.03+0.08 0.112  5.61+0.05
112b 1350 4 15 10.14+0.0% 0.108 5.61£0.04
113a 1350 6 13 10.212£0.02 0.101 .5.59%8.05
113b 1350 6 13 10.47+0.02 0.088' 5.61+0.06
114a 1350 8 15  9.85+0.05 0.097 5.78%0.05
114b 1350 8 . 15 10.29+#0.04 0.078  5.84%0.06
90a 1350 12 20  9.97%0.10 0.095 5:89+0.06
90b 1350 12 20 10.80+0.03 0.072 5.80%0.10
109a 1350 16 30 10.08%0.03 0.110 5.91+0.04
109b 1350 16 30 10.35+0.02 0.100 5.91+0.04
108a 1350 20 .. 30 10.14%0.02 0.101 5.97+0.04
108b 1350 20 30 10.42+0.02 0.092 5.9620.05
105a 1400 12 20 10.2420.01 0.110  5.69%0.04
105h 1400 12 20 10.24%0.02 0.090 5.86+0.05
87 1450 12 15 10.27#0.01 0.114  5.52+0.05
ro 1450 12 10 9.9240.03 0,114  5§5,45+0 0F

| - FeO is the wt. ¥ FeO in the sample after the experiment.

2 - Experiment done in 3/4" assembly at 16 kilobars for
comparison with experiment #111 (see note 3).

3 Experiment done in 1/2" assembly at 16 kilobars for
~emparison with experiments £7a and 67b (gee note 2).
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Figure 7.

Arrhenius plots of the

nephelinite and 51%4 kcal for the tholeiite,

49
12 kbar data for the
olivine nephelinite (a) and the tholeiite (b). The
activation: energies are 62+7 kcal for the olivine
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Figure 8. Arrhenius plots for the alkali basalt data at 4
kbar (a), 12 kbar (b), and 20 kbar (c). The activation
energies are 707 kcal (4 kbar), 86t6 kcal (12 kbar),
and 71+14 kcal (20 kbar).
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Table 8. Parameters for Arrhenius equatinne for +he ianbharie
oxygen diffunsion Adata.

Compositincn TR log, D, Flkcal) v
fem?/sec)

-

Nephelinite 12 ) 2.23+0.97 62+7 0.94
Alkali basgalt 4 ‘ 3.21+£2.51 70+7 0.81
Alkali basalt 12 5.45+0.81 B6+6 0.95
Alkali ba=s~1t 20 3.23+1.87 7119 0.8%
Theleiita ‘4@ N Noyn Ra Ty N o)

The parameters above were datermined in each case by least
squares analyses of the entire data set. Ertors were
calculated "y the method of Birge (1932) and are
reported at the one sta''dard de jaticn levw~l. t? jig the

DI BENE PN ~~npf'§(ﬁ§qn‘ U L R L AR AN I T S TP R

tha effaect rf rrerenre n’ axyqgn Tiffuel n 3o the
melte wae iﬂ\';ecri'.)at'oﬂ i"-f‘t"\'rma]'ly at 13AR0 ¢ fev b he
mephalinit-~ (fig. ©) nnAd the theleiite “fFigq. 11 aoA o
14007 ¢C fAay the a'kali haealt (fig. 1) ¥Fiqures Q, tn_ A 2
11 ehrw that the rreeasy e deponﬂenﬁﬂ cf ~xygen diffueion
tacsaltic liguids ‘a ot simple. The alivine nnrho?init;
Ifig 9)vexhih‘*ﬂ ar inc-e~ed in axygen diffnaivi'yrvirh
increpeicg Freseunre from 4 tc g kilobars followed 'y an
apparent sha'p derrrase hetween 8 and 12 Fil-hare. Ah-~ve |A
kil-bhare the nxygen diffusivity continure tn incroacge hS‘
the pracenre Aepenlence i smaller. The tholeiite »and th-
Aalkali hase]r sh~v sharp decreases in oxygeﬁ diffuriviry

with fv-reneiny pvegsyre at 68 kilobars and 12 14 kilohara
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Fiqure 9. Isothermal (1350°C) polybaric diffusion data for
the olivine nephelinite. The two lines yield activation
volumes of -39+3 cm® (4-8 kbar) and -4+2 cm’ (12-16
kbar) .#ffh@ preliminary phase liguidus phese relations
for C-11 nephelinite (Shimada and Srarfe, wnpublishad)
Are 2alaen ahowy
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feébectively (figures 11 &nd 10).
The pressures at which the decreases in diffusivity
occur for the three melts correspond well to the pressures

of the first orcurrence of Pyroxene as a liquidus phage .

FExcept for the nephelinite, phase equilibrium data are nat

presently available for the actual melt compositions

Y
studied, but there are dnta availahle for compositionally

similar melte, Figure 10 showsg the 'ignidus relationships ~f 3
an a]kal*-011vnne basalt determined hy Takahashi- (1980) in :
addlr1nn kA *he oxygen diffusicn data, Pyroxere firgt

aprears as a 1iqnidu§ phaee At “reroximately 13.5 kil bars

in that bagalt | Simjlarly, fig 11 shrue the Jignidre plo-

e LT L M e it st ¢ ot

relationships for 1059 ¥jlanes tholeiite ‘Fu§ii,

vnpubhlished) , Tnp ~orrelatinn hetween the Aervyeare in cRYgen 3
diffusiv¢+y An7? the firgt arevrren e of PYYrf¥ene ag g

'iquidue phase ic o on hetter *han for the alkal' haralt.

. . v
E¥capt for the btrangitien 7zonee noted gbnve the .
. - . 9

prescire ‘der ndenre of the Aiffusivity ~f ovyger cnn ke

R 4
Ve o v e 3 by e »r*hening yolarionﬁh:p fonn 13,

N - n ”XT"( PVa/PT) v, 1)
B a#

vhere D ie the diffueinrn 'DOff7"19Hf At the pvaeqqgg qé
intere-t N _ 5¢ the zerna rresevre diffusjion coefficient, P
is the 1resere, Vn ig the ~ctivation volume, and R a;ﬂ 1
are the game ae in eyn. 12. The §»1iAd lineg in figurke ©
10, and 11 a37re Jazet squarec fits ~f agn. 13 to the

Aiffusinn data. The Activation velume for the high pressure

Portinn ~f Fhe nephelinite Aata deoesg nnt inc1nde either the
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Pigure 10. Isothermal (1400°C) polybaric"diffusion data for
the alkali basalt. The two solid lines give actiwetion
volumes of -6x1 cm® (4-12 kbar) and -13+4 cm® (14 to 20
kbar). Also shown are the phase relationships for an
alkali basalt reproduced from Takahashi ¥ 1980). The
coincidence of the abrupt derrease in oxygen diffusivity

with tWHe first appearance of pyroxene as a liquidys
rho-a je dje 'jeveld in the tevhr
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Figure 11. IsothermaIA(TBSObc) polybaric diffusion data for

e f the tholeiite. The two solid lines give-activation : A i

« ~volumes of -1.5+2 cm® (4-6 kbar)-and 4+1 cm’ (8-20 ;

' ' Rbar). The phase relationships of '1959 Kilauea tholeiite ' :

T . (Fujii,.unpublish%@)rare,glso-shown.,The coincidence of 4

' the sharp decrease in oxygen diffusivity and the first - k

appearance of clinopyroxene as. a liguidus phase is ook

discussed in the text. R T o , 'j
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e
l data,point at 21 kilobars or the appatently erroneous‘point
at 16 kilobars (fig. 9). The point at 21 kllobars was
'_excluded because ‘the preliminary lzqu1dus curve for the
nephel1n1te (fzg 9) shows 1350°C to be belo; the llqu1dus
. at 21 kllobars The coeff1c1ents for. those equatiaens are
g1ven_1n table 9. It is of interest to note, except for.the
high oressu%g portion of the\tholeiite data; that the
activation volumes are negative.
Activation volomes for diffusion in melts have been
interpreted as being related to the volume of the diffusing
soecies (Hamann, 1865: Watson, 1979; and Watson et al.,
11982) ‘and also to the sum. oflthe volume of the diffusing
spec1es ‘and’ the volume change durlng the jump from site" to

"site (jump volume) (e.g. Tyburczy and Waff, 1983). Both
interpretations were developed principally to explain the .
positive activation energigg observed for cation diffusion
‘and neither of them provides an explanation for the negative
activation volumes obsetved in this study.

Oxygen, because of jts unigue structural role in s
5111cate melts, is unlikely to diffuse in strictly the same
manner as do ations. Dunn (1982) spe%g}ates that oxyge\‘
dlffuses by a comblnatlon of the movement of free oxygen

~an1ons (0*-) and larger silicate anions. Furthermgre, Dunn
‘(1982) also suggests that with changing conditions the
relati&e contribbtions‘ffom the difﬁerent‘diffuslng species
may change ‘due to changes in the relative proport1ons of

those species. Koros and K;ng (1962) and Muehlenbachs and
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Kushiro (1974) propose that oxygen diffuses by transfer
between different anionic units during reactions involving
the breaking of Si-0 bonds. The aetivation volumes to be
expected from those mechanisms are quite different. The
~activation volume for Dunn's sugge'sted mechanism is related
fto the average &olume of the diffusing'species,‘or when the - ;
‘ pgoportlons of the d1ffus1ng spec1é§ change, to the sum of 3
.the average volume of the dlffu51ng spec1es and the change

in the average voluyme du‘to changes in the proportions of

spec1es of différent sizes. If oxygen diffuses by transfer

durbng reactions among various anionic species, the i
activation volume may be relatéd to the volume changes of

the reactions.

JEFRP PR T

~The diffusion coefficients for oxygen determined in

>thls study are approximately the same as the diffusion - %
coeff1c1ents of divalent cat1ons in basaltlc llqulds“T)Le.

fig. 3, chapter 2). Thefefore it seems reasonable to suggest
that.the ;?incipal diffusing specigs is the free oxygen
anion (0?")., With the exception of the value at 12 kilobafs
for the alkali basalt (Table 9), the activation energies
determined in this study are too small to be associated with
the rupfure of either Si-0 or Al1-0 bonds. Thetefore, (with //"f h
one exception) it is unlikely that re is'a large

contribution to the d{'i\ffusivityvof tgen in the- melts

' . 4 v
‘studied from a mechanism involving bond rupture. If, as Dunn

B

{1982) suggests, the dlffu51on of oxygen is by the movement

A

of O0?- and other 5111Fate anionic units, then the observed
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Table 9. Parameters for Arrhenius equations for the

isothermal oxygen diffusion data.
Composition T°C P-(kb) -log, D o‘ Va(cm? r?
' ‘ (¢m?/sec)

'Nephelinite 1350 . 4-8 6.75204 05 -39+3  0.98
Nephelinite 1350 ® 8-21 5.5140. 15 -4:2  0.92
Alkali basalt 1400 4-12 5.94%0.02 -6t1 0.91
Alkali basalt: 1400 14-20 6.97+0.18 -13+4 0.61
Tholeiite " 1350 4-6 5.6340.10 -1.5%2 0.33
5.70+0.06 4+1 0.82

Tholeiite 1350 8-20

+ ' ’
r : ' #
The parameters above were determined. in each case by leas!
Squares analyses of the entire data set. Errors were
calculated by the method of Birge (1932) and are
reported at the ?ne standard deviation level. r? is the
correlation coefficient for the. regression.

»

[S

activation volumes can_be relatea to the changes in the
average volume of the diffusing species as the proportions |,
of the diffusjng species change with increasing pressure.
Negative act‘yation volumes then reflect a decrease in the
average size of the diffusing species (an increase in O").
As smaller anions are expected to be more mobiye than laréér
anions, sﬁch a change in anionic speciatioh is compatible
with the observed increases of oxygen diffusivity.
lSimilarly, the observed decreases in oxygen diffusivity
(%igs. 9, 10, and 11) can be explained by a decrease in the

prgbortion of 0", which imparts a positive activation

volume as is required for those changes. This model, while

%
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it is compatible with the results, remains speculative
because the 1dent1t1es, relatlve proportlons and partial

molar volumes of the anionic species present in the melts
st diea are unknown. ’

" The observed decreases in oxygen dlffu51v1ty (flgs 9,
10, and 11) imply that the melt undergoes a change of some
sort at 8-12 kilobars for the nephelinite, at 12-14 kilobars
for the alkali basalt and at s-s,kil\om\sfor the tholeiite.
The observation that those pressures are close to the
pressures where olivine is replaoed by pyroxene as the
liquidus'phase (figs. 9,' 0, and 11), 1mp1:es that the
change in the melt. 1nvolves an 1ncrease'1n the activity- of :
pyroxene building unlts (short chain- anions) relative to the
activity of ol1V1ne building units %monomers) for the two
melts. Tyburczy and Waff (1985) have observed that the slope
of the log of electrical conductivity versus pressure
decreases‘sharply between 5 and 8 kilobars for a Hawaiian'
tholeiite melt. They postulate, on the basisko{ their data,
that Hawaiian tholeiite melt undergoes a pressure induced
depolymerlzat1on reaction in the pressure range 5- &
k1lobérs The v1sc951t1es (Kushiro, 1976; Scarfe etial.,
1978 and Scarfe, 1981) and Qensities (Fujii and Kusﬁiro,
1977; Scarfe'et al., 1979; and Kushiro, 1980) of basaltic
melts do not show sharp changes et‘the same pressures as the
observed changes in oxygen diffusivity. Therefore, the

change that occurs at 8-12 kilobars for the nepheiinite, 6-8

kilobars for Kjlauea ‘tholeiite and 12-14 kilobars for the

3
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alkall basalt, does not involve either a large volume
chqnge, or a major deﬁoLyherization of the melt. M

The pressure dependence of oﬁygen diffusion for the
melts studied is sufficiently varied that no one model can
adequately.explain the entire data set. The di??ﬁifon
coefficients determined for oxygen in this study ére of the
samé order of magnitude as'cation dfffusi@i;igs in basaltic
liquids (see fig. 3, chapter 2). Theregg}e: it seems
feasonable to speculate that the principal diffusing species
is the oxygen anion (02?-). The abrupt decTe?ses»in oxygen
diffusivityvat-approximately the pressures where olivine is
replaced by pyroxene as fhe liquidus phase in the‘thrée
melts are compatible with’bressure induced depolyﬁerization
of the melt. Because of the léﬁk of partial molar volume

daﬁg for the anionic species it is not possible to write a

spécific depolymerization'reaction. However, the changes.in
the phase eéuilibria suggeft that;\it addition to decreasing
the oxygen diffusivity, the reaction that occurs also
consumes small depolymefized anion§ (olivine building units)
and produces larger, but still rélatively depolymerized
anions (pyroxene building units). Therefore, it is suggested
‘that the reaction is not a simple depolymerization reaction.
Rather, it may be a complex reaction in‘which large
polymerized anions react .with small depolymerized anions and
oxygen anions to produce anions of intermediaté degrees of
polymerization. A hypothetical reaction, representative of

that class of reactions is given in egn. 14:

2 LA Pt B 5L 2 <o s 3

3



Si,0,%- + Si0,*- + 0P T=81,0,,"" (14)
where éi,o,zf represents a sheet like structure and Si,0,,*"
_ represents a short chain structure. If reactions such as
.reaction 14.occur, they result in a net depolymerization‘of
the melt whil; simultaneously decreasing the proportions of
small relatively mobile oxygen bearing species. Thus, a
reaction like geaction 14 can account for both the.observed ;
changes En phase equilibria and the changes in oxygen
diffusivity.

As nbééd above, the melts studied are expected to sHow
decreaées in viscosity with increasing pressure. If oxygen
diffusion is inversely related to viscosity as suggested by
Oishi et al. (1975) and Dunn ({982) then ghe diffusivity
should increase continuously with'préésure‘fo: the three
melts studied. The results of this study show théf this is
not the case and lead to the conclusion that the mechanigps
of oxygen diffusion and viscous flow are not related for
basaltic liquids.

Th% parameters$ in Table 8 can be used to define a
. compensation law for oxygen diffusion in basaltic liquids.

The resultant line is given in egn. 15:

D ST A ST I SO PRIV LI PRNOE SR S S
A TVENEEE e SRR g 3

10g,,De = 1.27x10°‘E - 5.64 r’=0.99 (15)
Dunn (1982) has determined a compensation léw for oxygen
diffusion in a varieéy_oﬁ simple silicate melts and three
natural rock melts., Egn. 15 is esséntially the'same as -
Dunn's compensation law and is also indistinguishable from

the compensation lav for cationic diffusion in silicate
|
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melts given by Hofmann (1980). The éompensation law result
further supports the contention that oxygen diffuées
principally as 0*-, s

The compensation law results show that the acﬁi?ation
energies détermiﬁed in this study are reasonable .in
compasison with other oxygén“diffusion results; The
activation eneréy for the tholeiite (51+4 kcal) is
indistinguishable from that reported by Wendlandt (1980) for
a tholeiitic basalt (54 kcal). While the physical meaning of
‘activation energies in 1iquids in not clear (Dunn, i982), it
isvinteresting to considér the variation in activation
energy of the éikali basalt as a function of pressure. At 12
kilobars the aqtivation energy_ for bxygen diffusion is ‘
considerably largéf‘than at either 4 or 20 kilobars (Table
8). Twelve kilobars is very near the transition pressure for
the alkali basalt (fig. 10). The increased activation energ}
at 12 kilobars (relative to 4 and 20 kilobars) suggests‘that
the activation energy is related to struct%ral.
transformations in the melt. Muehienbachs and Kushiro (1974)
argue, on the basis of their 90 kcal aétivation energy for
oxygen diffusion in a basalt melt, that - xygen diffusion
in;olves Si-0 bond rupture. Similarly, tHe 86 kcal
activation energy for the alkali basalt ay reflect the
‘occurrence of a reaction among the various anionic species

-

at 12 kilobars pressure.
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D. Conclusions.

'This study has shown that the pressure dépendence of
oxygen diffusivity in basaltic liquids is quite different
Zrom that shown by cations in simple silicate liquids
(Watson, 1979:' Watson' and Bender, 1980). Variations.in
oxygen diffusion coefficients with pressure can be related
to the liquidus phase mineralogy and by extension to the ¢
anionic constitution of the melt. As such, oxygen diffusion
measuréments provide a very sensitive probe into.the
variation of melt structure with pressﬁre.

The data suggest that the principal diffusing species
is the 0?- .anion. The observed ahanges in the diffusivity
with pressure can be attributed to changes in the relative
prgportions of O*° and other small anionic species (S8iO,*
eéc.)-during pressure induced reactions in the melt. While
it is not possibhle to speéificélly ident&fy thgse reactions,
the correldtion of the chégées fn diffusivity and liduidus
phase equilibria suggést that with increasing pressure 0"
anions and o]Jv1ne bun]dlng‘un1ts are consumed ip reactions
wh:rh,produce pyroxene building units.

This study has shown that the diffusivity of oxygen in
basaltic liquijds ié Very sensitive to structural changes in
the melt. Oxygen diffusion determinatidns indicated the
presence of melt struétgre chanées that do not(show up in
eighef the viscosity or density data. Therefore, oxygen

diffusion measurements constitute one of the most sensitive

probes into the variafion nf melt structure with pressure
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IV. The Effect of Thermal History on the Structure of i

Pb,Si0, Melts

A. Tatroduction

Recent work on the effect of cooling rate on the
crystallization of'pb,SSO. melts ( Gotz et al., 1980) and
CaMgSsi , 0, melts-(Kirkpatrick et al., 1981) has shown that 2
bbth the order and temperature of crystalline phase : j
occurrence are' dependent on the rherﬁa] History.of the melt.

Gotz et al. (1980) observed that different lead silicate

SEU VNN T, S

phases cr?sfallfzed from Pb,Si0, melt depending on the

<t ot e

thermal history of the’melt. Similarly, Rirkpatrirk et g

PRI

(1981)  found that, depending on the cooling rate, either

o e

forsterite or diopside crystalliged first from melts ~f

diopside composition. In hath cases, the phaser which

TSRO VP I

crystallized from melts with different therm~] hiatarise “nd
different srructgres. The rrysrallization of structurally
different phasees from isochemical melts with different
thermal histories implies that the stchtures of those melts

depend on thermal history. Such différences may bhe due to
[

bt et B . N . Lty -
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changes in the relative ptpportions nf the silicate anicnic
species in the melt without altering the anianic epeciatinn
,(Mysen-et ai., 19R0A), or te rhangee in the anianir
speciation of the meit (Gotz et al., "19R0Q).
This paper.presents the results of a sfgdy of the
e

effect of thermal history on lead orthosilicate (Pb,Si0,)

melts. Theres are gevaral reacons for choosing tn etuydy
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3
Pb,Si0, melts rather than more geologically signifigént

compositiohs. Orthosilicate melts have a non-bridging oxygen
to tetrahedral cation ratio (NBO/T) of 4 (Mysen et ai.
1980d) . Accerding to the anionic speciation equations of
Mysen et al. (1982b), a melt with NBO/T = 4 should have
Si0,* monomers, Si,0,° dimers and 0° anions as its only
anionic specries. Tf NBO/T is fixed by the bulk composition

L. the melt, an orthegsilicate melt should be isnstruarurn]
!er all conditions. The rasults of Gotz et al]. (1980)
suggest that this is not the case for Pb,Si0O. melts. Tf the
structuré-of Fb,Si0, melt varies as a function of thermal
hai;ory, then NBC/T for that melt must also be a funrtlon of

thermal hlﬂtor\. Consequonrly, it is importart ‘o determine

if and hew rloe cftractnre of pb’Siﬂ. melb vyapiea with t heymn)
).;ell.ry'
Pr,8i0, is virtually the only orthesilicate whrge malt

may be easily quenched to glase. Mare geolegically
meaningful o'rhﬁsflihétp melts (Mg,SiO,,'Fe,SiO., and
Ca2:8i0.) ran only be .quenched to glass with the aid of
exotic rapid quenching techniques. For example, Kusabirak}i
and shiréishi (1981) employed a splat quenching device t-

quench Fe,Si0O, to glass. It may be argued, because Jead
.

Brhtosi]icate melte are easily quenched to glass, that they

are not repre<sentative of other legsg easily quenched
~rthosilicate melts. However, comparison ~f the igfrared
(IR) spectra of Pb,Si0, glasses, pPrepared hy rapid quenching

after short duration fusions, with the TR qppctrumvwb

2
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Fe,Si0, glass (Kusabiraki and Shiraishi, 1981)”(fig..12)
shows thaé lead orthosilicate is representativé of other %
orthosilicate melts. However, the prin;ipal Si-0 stfetching
envglope.is broader and shifted to slightly higher frequency

for the Fe,S%O. spectrum as compared to the Ph,Si0,

spectrum. As is discussed later, those differences imply
that vitréous Fe.Si0, may he more polymerized than vitreous 3
Pb.Si0,. Thus, conclusiensg drawn from the study of lead %
orthosilicate melte ﬁay he extended to other orthosilicate :
cempositions.

Infrared spectroscopy can be a very powerful prbbé into,.’/)
the sfrvcture of silicates (e.q. RBillbardt, 1969; Furukawa
et al., 19%8, 1979;: Tarte, 1963). Billhardt (1969) has shown
that TP spectroscopy is particnlarly sengitive to the
vibrations of Si 0-§i brigging bonds. All silicate aninne
larger than the manomér (Si0,* ) have Si O Si byidges.

Therefrre. since the principal aim of this study \vas to

determine if anionic units larger than either the monomer or
the dimer are présent in lead orthosilicate melts, IR
’
_Spectroscopy was rhesen as the structural prebe for use in -
this study.
Due~to the difficulty of taking IR spectra of high
temperature silicate melts, glasses formed by rapid
quenching of melts were inveétigated.‘Sweet'and White "

(1969), Sharma et al. (1978), and Seifert et al. (1981) have

all shown that glasses formed by rapid quenching of silicate

melzs atre structurally repfesentative of the melts frém
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Figure 12. Infrared spectra of a. vitreous Pb,SiO, (Pb-1)
?gg‘?. vitreons Fe,SiO, (Kusublrakl and Shlralshl,
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which they were quenched. However, their determinations were
P not for orth05111cate glasses and this study is dependent on

1
the validity of the assumptlon that their results can be

» .
extended to orth05111cates. The need to work on glass ¥as

'fthe f1nal factor in the choice’ of- Pb, SlO. as the subject of ,

thlS study ‘ c .' ’ '

-

-B.:érperimental |
- The Pb, SlO: glasses were prepared by coollng at var1ous
rates though the temperature 1nterval 850 to 700 Ce Infrared
Spectra were taken of the glasses as descrlbed below. All
4 experlments were done on allgUOts of tvo 5 gram batches ‘of
" Pb, 510. glass prepared from reagent grade PbO and SlO,.nH O

Experlments Pb-1 through Pb 10 were done on allguots of one

. oM

batch and exper1ments Pb 11 through Pb—14 ‘'were done on
splits of the second batch (Table, 10) The reagents were
ST ‘drled to constant weight (PbO - 200°C and Slo,.nH o] -

1400 C) After weighing, the reageqts were thoroughly mlied

-~

bx grinding under‘alcohol in an agate mortar- The resultant
vmlxture&was then put through. three cycles of fu51on followed

by gr1nd1ng All fu31ons were done at 850° C and, had a

v

durat1on of two hours Chlps of the glass were analyzed via

& electron mlcroprobe and found to be homogenous and on
S A S : G
<L ucomp051tlon (Table 10), - - .

- The electron m1croprobe analyses were ‘done on the
Un1vers1ty of Alberta ARL-EMX m1croprobe by both energy

,d1spers1ve‘*EDA);and-wavelengthkd1sperslve (WDA)'methods.h

. T
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Table 10. Analyses of startlng materials and experimental -
products. : ‘ - —— ’

9

No. m Si0, ' - PbO
Batch 11.81 88.19
Pb-1 11.90 88.10
Pb-5 11.92 88.08
Pb~ ; 11.90 ( 88.10
Pb-7 , 11.81 - 88.19
Pb-8 11.88 88,12
Pb-9 - _ 11.79 ’ 88.21
Pb-10 - " 11.92 . 88.08
Pb-11 o 10.66 89.34:
_Pb-12 : 10.99 ' 89.01
Pb-13 R 11.01 - 88,99
Pb-14 : | : 10.84 ~ 89.16
o _

5

Analyses were done on chips of' glass by electron microprobe -

as descrlbed in the text. Analyses are normallzed to
100 :

. R
Galena and quartz wereVUSed as standards for the EDA

'analyses and- the data were reduced w1th the computer program

'.Y

EDATAZ (Smlth and -Gold, 979) The glasses analyzed by EDA

and g lead silicate glass standard (EPS-22) were used as thel

. standards for thé WDA analyses. The WDA data were reduced by

hand using atomlc number ‘absorption, and fluorescence -

" corrections.

: Approx1mately 200 lellgram aliquots of the startlng
glass were placed in Pt envelopes which were crimped shut,
but not sealed, The capsules were leflt open~to air to retain

‘the lead in thé divalent state (Smart and Glassef, 1978).

*\J.
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All of the experlments were done in a Deltech vertlcal tube.
furnace. Temperatures were monltored by a Pt-Pt,,Rh,
-thefmocouple placed within 1-2 mm of the sample.
Thermocouples were calibrated against the melting point .of
Au. Cooling rates wére controlled wifh a Love cqoliné rate
controller. In all cases, samples yere quenched'By dropping.
the Pt envelopes directly from the furnace into water. The
resultant quench rate is estimated to be in excess of
‘500°C/sec.‘

i

The experiments were done in four series. The first
series of four experimeﬁts consisted of thirty miqute ‘
fusions:at four superliqﬁidus temperatures (760, 850, 964,
and 1100°C) followed by répid guenching. Thé second series
of threé experiments involved a thirtyvminut? fusion at
850°C, followed by controlleq cooling at one of three rates

| (5.0, 0.7, or 0.1°C/min.) to 700°C and then rapid quenching.
"The third series of three experiments utilized the ;ame
. ,fusion durations, temperatures, and cooling rates as.the
second serles of experlments, but upon reaching 700°C the
samples were held for 48 hours prior to quenching. The |
i fourth series of four experiments involved a thirty minute
| fusion at 850°C, followed by cooling to 700°C at 6;1°C/min-
The samples were fhen held for differeﬁt times (6, 12, 24,
and 36 hours) at 700°C prior to quenchlng Exper1menta1
' cdnditions are summarized in Table 11. There was no evidence
of crystallization at 700°C, According’to Gotz et al.

v

- (1980), larger degrees of undercooling are required for
. ' . |



KBr‘dizgs, containing 1.0 wt. % glass, using a computer
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nucleation and crystal growth. /A chip of glass from each of
the longer duration experiments was analyzed by eiectron

m1crpprobe to ascertaln ‘hat the samples had not changed

‘comp051t10n during the ‘course of the experlments. The”

analyses of the samples are given in Table 10. The analyses>
of the experimental products are all within analyt1ca1
precision of the theoret1cal composition. Experiments Pb-11
through Pb- 14 are slightly lower in Sio, than Pb-1 through"
Pb-10, bpt the difference is not sufficient to acount for
the structural changes noted below. I ,
The IR spectra were taken at a resolution of 4 cmr' on

controlled Nicolet 7199 Fourier transform IR spectrometer  in

/

the transmission mode. Fifty scans of the 4000-400 cm-
spectral region were collected and computer averaged.for
each sample. Such averaging enhances the signal to n01se
ratio by a factor of approximately 7 relative to a 51ngpﬁ*
scan of the sp trum. Repllcate Spectra were taken on
several samples a ter rotat1ng the KBr d1sc to assess the

effect of f1n1te sample particle size. No d1fferences vere

observed between replicate spectra. The spectra were

transformed‘from transmittance to absorbance prior to

printing. As there are no features attributable to silicate
anionic' vibrations above approximately 1200 cm-.' , only the

*
400-1200 cm™' portions of the spectra are reported here.

-

| !
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Table 11. Summary of experimental conditions and procedures.

# T{(i)°C T(f)°C - t(1) Rate t(f) t(t)

- : (min) (deg/min) (min) (min)

Pb-1 . 760 760 . 30 -—- - 30

" Pb-2 850 850 30 -—= -—- 30

Pb-3 B 964 ' 964 ¢ 30 -—- - 30

Pb-4 - 1109 1100 30 -—- -—= 30

i - Pb-5 o 850 700 30 5.0 0 60
B ) Pb-6 850 700 30 0.7 0 245
L Ph-7 " 850 700 30 0.1 0 1530
o ‘Pb-8 j 850 700 30 5.0 2880 3060
o Pb-9 -850 700 30 0.7 2880 3125
ik Pb-10. 850 700 30 ¢« 0,1 2880 4410
‘) Pb-11 . 850 . 700 30 0.1 360 1890
: Pb-12 850 700 30 0.1 720 2250
Pb-13 =~ 850 . 700~ . 30 0.1 1440 = 2970

Pb-14 - 850 700 o 30 0.1 ‘2160 - 3690

e
T(1) - Inigial fusion temperature. »

T(f) - Final experimental temperature.

t(i) - Initial fusion duration. -
Rate - Cooling rate.

t(f) .- Duration at final temperature.

t(t) - Overall length of experiment.

e o
‘ 'y

¥

C. Results '

‘The resuits.of this study are in the form of IR
spectra, ad shown in flgures 13-16 which represent the
series 1-4 exper1ments, respectlvely. In all cases the
spectra are characterlzed by two major bands. The flrst

\ band, centered at 480 cm-', is of roughly gau551an shape,

but shows a slight hlgh freguency shoulder at 500 520 cm- '

‘j The other bangd, centered around 880 cm-', varies

considerably in form. In all cases there is a definite low

b
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frequency shoulder in the 630-680 cm-" region. Details of
the specira for each series are given below. Vibrational.
mede assignments are discussed in a following Section.
Series one |

The spectrélof the eeries one.expef;ments'are shown in
fig. 13. It is apparent from - fig. 13 that the spectra of '
glasses rapid quenched after shorf'duratieh-fusions at
various superliquidus temperetures are essenfially_
identical. This is in agreement with results’ obtalned from

similar. exper1ments‘§or glasses of d1op51de composutlon

(Mysen andvvlrgo, 1980; Dunn - unpublished datat

;grhese
2 G
spectra are also qgualitatively indistinguishable “¥rom

spectra of Pb,SiO, glass reported by Furukawa et al. (1978)
and &btz et al. (y880). ;

As mentioned gbove, the'speetra are dominated; by two

bands at 480 and 880 cm'. While the 480 cm™' band, is very -

‘nearly gaussian in shape (there is a slight high frequency

asymmetry which iﬁblies a'shoulder around 500 cm-'), the 880
cm” band is deflnltely a composite band. The 380 cm-! band
has a high frequency shoulder (approxlmately 900 -cm~' ) and
a low frequency shoulder (approxlmately 800 cm-' ), bogh'of
which are indicated by slope changes. In additien, there is
a more prominent shoulder on thellow.freQUency side eehtered.

) \ . ¢
around 650 cm~' . : 8 - -

Series two .
Fig. 14 shows the results of the series two eXper'ments

(30 minute fusions at{850°C followed bygcontrolled,CBOIing'

) ‘ ?

PO

' -
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Figure 13. Infrared spectra of the series one experiments.
The spectfa are stacked in order of increasing fusion
' temperature (760°C - Pb-1; 850°G - Pb-2; 964°C - Pb-3;
. and 1100°C - Pb-4). Salient features discugsed in the -
) text are marked by arrows. . o
{
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Figure 144 Infrared spectra of the series two experiments.
Samples were cooled from 850 to 700°C at different
cooking rates (5.0°C/min - Pb-5; 0.7°C/min - Pb-~6; and
0.1°C/min - Pb-7). Salient features discussed in the
text are marked by arrows.
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at various rates to 700°C and then rapid qguenching).
Qualitatively, the spectra are very similar to the series
one results. However, there are notable differénces. The 480
cm™' band is very-similar to that in the soriesﬁone spectra,
except that the high fregquency shoulder is more pronounced
in the spectrum of the sample cooled at 0.1°C per minute.
“The 880 cm™' band is significantly different from that

f | observed in the series ene experiments s?d also varies

| systegptlcally in form as a fuﬁctlon of coollng]rate. In
general, the high frequency ban? is characterized by a

maximum at 860-870.cm~' , wi definitef low frequency

N

sbouldérs centered at 800 &nd 650 cm~!

s

., @s well as an
asymmetry on the\gigg_frequency side. With decreasing
cooling rate, the 800 cm-' shoulder increases i% intensity
as does the high frequency asymmetry. The 650 cm ' band

& o shows no discernable dependence on cooling rate.

| Seri?s‘three

The results of the series.three expgriments (30 minute
]

- . ‘
fusion at 850°C followed by controlled. rath cooling at

LOR
o
L
i
v
&
e
vl
3
X
)

= various rates to 700°C and then holding at 700°C for 48

%; ‘hours prior to quenchlng) are shown in figqg. 15 The spectra
%; ) show three distinct morphologies. The spectrum of the sample
g; . cooled at 5°C/min is indistingoishable from both the series

P

70

{3

S
+

two expefimeht'that has the same cooling rate and the series
‘one experiments. Similarly, the 0.7°C/min spectrum is
essentially identical to its series two counterpart.

.However, the 0.16C/min-experimént shows significant changes

>
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Figure 15. Infrared spectra of the series three experiments.:
- Samples were cooled from'850 to 700°C at different
. cooling rates (5.0°C/min - Pb-8; 0.7°C/min - Pb-9; and
0.1°C/min - Pb-10) and then held at 700°C for 48 hours.

Salient features discussed in the text are marked with
arrowvs. . '
I
' .
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as a function of thermal soaking at 700°C relative to’the
corresponding series two experiment. The 480 cm"(bano in
thet spectrum shows two maxima (465 cm ' and 485 cm-° ) and
a definite shoulder at about 525 cm”™' . The largest
differences are observed in the 880 cm~ ' bano. That band
displays three oiStinct maxima at 920 cm-' , 880 cm-° , and
820 cm~' . The shoulder at 650 cm-' appears unchanged
relative to other series 1, 2, and 3 spigtra, except for
ex;eriment PB-10 where it is of increased intensity. In
addition, the center of the band (determined at half
maximum) is shif;edlto 856 cm™' , approximately 20 cm-'
lower in frequency than observed for any other series 1, 2,

or 3 experiments. It appears that thermal soaking -at 700°C

ha's no significant effect on melts cooled at 0.7°C/min or

faster.
Series four

The results of the series four expeximents (30 minute

fusion at 850°C followed by cooling at 0 1°C/min to 700°C

and then thermal soaklng”’t 700°C for various times prior to
quench1ng) and the series three experlment that was cooled
at 0.1°C/min are shown 1n flg 16. The spectra in fig. 16

y’* o L3

are stacked 1n order o J,1nc:§.‘7ea5v1ng thermal soaking tifre with

the shortest soaking time : (ﬁb 11- 6 hours) at the bottom and

"the longest soaking tige expesﬁment (Pb-10 48 hours) at tHe -

) b

o A I
top. With 1ncrea51ng soaklné tlme the 480 cm~' band shows an {

&
.1ncrease in the 1nten51ty of 1ts high freguency shoulder

(500 520 cm“) Slmlla; } h‘it hlgh freqdéncy shoulder and

', _ga .

\‘h

. 3 . Ces
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Figure 16. Infrared Spectra of the series four experimeﬂts.

Samples were cooled from 850 to 700°C at 0.1°C/min and
then held at 700°C for.varying times (6hr. - Pb-11;

.12hr. - Pb-12; 24 hr. - Pb-13; 36hr. - Pb-14; and 48hr.

= Pb-10). Salient features discussed in the text are
marked by arrows. :
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-

the 820 cm~' shoulder in the 880 cm ' band also increase in
intensity withhincreasing soak?ng time. After 48 hours of
thermal soaking both of those shoulders can~be. resolved as
separate ;ands. In all cases the center of the‘880.cm“ band

(determined at half maximum) is shiffed approximatély*?O‘

cm™' to 855-860 cm~! . The 650 cm-' shoulder increases

slightly in inténsity with increasing isothermal sogking

time. In addition, the band width (full width at.half
maximum - FWHM) shows a continuous increase (from 270 cm-'
to? 400 cm~' ) with increasing soakfng time.
. X .o
All of thg series 2, 3, and 4 experimgnés had 700°C as-
their final temperature. The melting temperature of lead

orthosilicate is approximatelf‘740°c. Even though the

samples were ‘cooled to below the melting temperature and

v

held at that-temp;?ature,for éonsiderable—length of’time,
there was no evidence, éither in the form of visfble
cry;tals, or as sharp crystalline bands‘in-the IR spectra,
that any crystalliz?tfon occured.

In ﬁummary, the effects o;&fhe melt~stru6ture of‘slow.
cooling and isotAermal soaking are similar. Both treatments
result in aﬁ increase in the number of bands in the high

N

frequency envelope, but the effect of isothermal soaking

ek e e e

appears *o be larger than that of slow cooling.

A




: 1nclude Slo. (Furukawa, et al.,‘1978 Smi

- 1978; and Gotz et al.

! @
|

« Q
D. Discussion { . ‘

Workers such as Gotz et al. (19ﬁ\\and 1976) Furukawa

et al. (1978), Smart and Glasser (1978), and Hess (1975)

“have argued on the basis of both spectroscopic and

{

chromatogfaphic evidence that Pb,Si0O, melts contain a
diverse assemblage of silicite anions as well as Pb** and
O?" lions. Another possibility is that with increasing ' .
durat1on of heating, Pb,SiO, melts begin to phase sepérate
into Pbo and SiO,-rich regions.- However, if such phase
separation occurs,_lt is on a very small scale. Furukawa etc
al (1978):report no evidence of phase separatio at a scale .
greater than 50 angstroms; The glasses prepared,inqshis '
study are both optically and compositionally (hicroprobe)
homogenousi Therefore, it is concluded that phase separat1on
does not occur in Pb SlO. melts. l@~

The 5111cate anions presumed tq.exist xn'P%fgeﬁit"‘ﬂ

£.0.."",

and larger polysilicate aniong 3 oli " ,“' 1978 and

_ Pb- O units. In as much as the Raman active bands of &

crystalline lead oxides occur at frequenc1es below 400 cm-
-

(Worrell and Henshall, 1978), 1t seems unlikely that any IR

active bands for Pb-0 v1brat1ons will fall w1th1n the
-

spectral range (400—1200 cm- ‘) examlned in thlS studj@

Consequently, the vibratlonal.modes ofghypotheticpl‘lead

2
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oxide‘will~not be cohsidered further. The contributidns made
by the, varlous 3111cate anlons to the IR spectrum of the

§

melt may be est1mated ‘by. conslderlng the . spectra of suitable
d /

crystalline analogs. Ideally, the crystalllne phases ‘used as

analogs should have both,the same metal cations as the melt

and the appropriate anionic units. Therefore, lead silicate

crystalline phases have been used wherever possible. The

onlyiexception is for the sio“- anioh, for which there is

.

no lead -silicate crystalline analog.
, o . '
The highest possible symmetry for am Si0O,*" anion is

tetrahedral. From the character table for tetrahedral
N A}

molecules (e.g. Harris and Bertolucci, 1978) it can be seen -

that a tetrahedral Si0,*- ion has four normal modes of

-

vibration (A,, E, and 2F,). Those nofmal modes are v,,'a

~totally symmetric Si-O stretching mode (A,), v,, a doubly

degenerate O—Si-olhending mode (E), v,, a triply degenerate

!

antisymmetric Si-Q stretching mode (F,), and v,, a triply

degenerate O-Si~-O bending mode (F;) (Nakamoto, 1978). All

four of the normal modes are Raman active, but only v, and

V. are IR act1v€"The relat1ve frequencies of the normal
modes generally follow the ‘rules V, ‘greater than v, and v, .
greater than v, (Nakamoto, 1978). On the basis of\Raman
depolarization ;a{{os, qukawa et al. (1978) conclude that
the v, Q?h}at}Bﬁ.of Siop;x‘occurs at approximately 830 em- ',
The IR speczla o% olivine‘sﬁructere minerals can be used tn

determine,the positions of the v, and v, bands. The SiO,

tetrahedra in Co,%iO, (Morimoto et al., 1974) are less
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distorted than for other olivines KBirle-et al "1968) “and

(thlS is 1llustrated by the smaller 51te spllttlng observed

1n\the IR bands of Co, SlO than for forsterlte, fayalite,

and Ni;Sio, —forsterlte solld solutions (Tarte, 1963)

¢
¢

Addltlonally, the IR bands in olivines have been observed to

shift to lower frequenc1es w1th 1ncreas1ng cation mgss and:
Y :

\

- tadius (Tarte, 1963; ‘Burns and Huggins, 1972). For those -

reasons, the IR spectrum of Co éio. (Tarte, 1963) was used
to determine the . positions of the v, and v, bands of the

SiO,*- anion. In Co,Si0O, those bands fall at 880-and 480,

’

em™' , tespectively. The v, vibration is expected to“fall

- below 480 cm-' , based oh the relative frequehcy rules noted

above. Thus, in the 400-1200 cm' portion of the IR

spectrum, a %etrahedral SiO,*- anion will only contrlbute

“two bands at approx1mate1y 880 and 480 cm*

If the Si0O,*- anion is distorted from tetrahedral
symmetry, the degeneracies noted above will be split and all

of the normal modes of vibration will become IR active. The

IR spectrum of Sio, - anign will then resemble those of the

011v1ne mlnerals. o

o ,
In the case of the dimer (Si,O0,‘") there. are two

crystalline phases which have been shown to contain Si;ov‘-

units. Billhardt (1969), Petter et s]. (1971), and Smart and
- . o '

Glasser (1978) have shown that Pb,Si,0, contains.

v

pyrosilicate structural units. Similarly, Gotz et al. (I107&R

and 1976) and Smart and Glasser (1978) have shown that the

phase T. Th,Si0, (ueing the nmmenclature of Smart and

Pt .

L]

i . « X ) .
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Glasser, 1978) also has pYrosilicafe_structural units.
.Becauselcryshallographic data (Petter et al., 1971) are
available for Pb,Si O,; but not for L- Pb SlO., the formef
was used @s the crystalline analog~ of the dlmer. Infrared
spectral data were taken from Blllhardt (1969)

The dimer IR spectrum is of partlcular interest because
the dimer possesses a non-linear Si-0-Si bridge. The
speckrum, conseqguently includes the vibrationa% modes
characteristic of that bridge. Normal coordinate analyses of -
‘other X,Y, (Y,X-Y-XY, type) i@he (Brown and Ross, 1972) have’
‘'shown that there are three normal modes attrlbutable to the.
X-Y-% bridge. They are a symhetr1cal X-Y¥-X stretch, ‘an
antisymmetrical X—Y—X'stretch,'ghd an in-plane X-Y-X henéing
deformation. Wing;and Callahan’{A969) haie shown th;t the
antisymmefrical s?retéh lies to high frequency of the)
symmetrical stretch and that the separation is proportional
to the X-Y-X bridging angle. Billhardt (1969) identifies a
"characteristic” pyrosilicate band at 679'cm“‘ in the IR
spectruh of Pb,Si,0,, which by analogy to Na,(P,0,) (Bues et
al., 1963) and C1,0, (Roziere et al., 1973), is most likely
due to the Si-0-Si .symmetrical stretch. Billhardt (1969)
also noted a streng negative linear correlation between
metal eation size and the frequency of that vibrational
mode. Similarly, the band at 822 cm” ' may be assigned to the
Si N Si antieymmetrical stretching mode. The normal

coordinate analyses and assignmentg of Rrown and Ress (1972)

show that the bending vibratinsn lies to low .frequency of

¢

/
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' spectra reported here. P

P

o

'branched chain, three-membered ring with one,branch, and

both the stretchiné modes (generally between 100 cm~' and " * -

300 cm~ ' ). Thus, ‘it is not expected to appear in the . R . .

1 4
o

"The tr1mer provides a problem because there is no lead
5111cate crystall1ne phase conta1n1ng $i,0,,*" structural“
units for which crystallographlc data are avallable.
However, Smart apd Glasser (1978) found that hexagonal
Pb§ib, gohtalnedasi 0,,%" un1ts. In addition furURaua et al.
(1978 and 1979) found from v1brat1ona1 spectroscopy that

C
hexagonal PhSiO, is not a chaln 5111cate such as alam051te,.

whlqh supports the chromatographlc determlnatxon that the

structural unlttgn hexagonal PbSiO, is the trimer.. Thus,

el YA A

hexagonal PbSi0O, was used as the crystalllne analog of the
trimer. Infrared spectral data were taken from Furukawa et
al. (1978 and 1979).

The ‘tetramkr presents an .additional problem because

L3

there are four structural isomers. Those are: chain,

four~membered'rin§. Smart and Glasser (1978) found that ’
silicate glasses along the join PbO-SiO, contain tetramers

in the form of four-membered rings (S1.0%,"?). As far as a
crysfalline analog is concerned, Gotz et al. (1975a and

1956), Smart and Glasser (1978) and Furukawa et al. (1979). .
all confirm that H~Pb, Sié (u51ng the nomenclature of Smart

and Glasser, 1978) conta1ns $i.0,.4 rings. Therefore,

H“éb,SlO‘ was used as the crystalline analog of the

tet@amer. TR spectral data were taken from Furukawa et al. ’

- 4
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In a melt, the'anionic unit;'are'not held rigidly as in

a Crystal; The»anlons w1ll presumably undergo continuous
deformatlon as a consequence‘of the dynamlc melt Y
env1ronment Thus upon quenchlng to the glass state, the
1nd1v1dual anlons°of a g1ven spe01es ‘will exh1b1t a range of

' shapes clustered around some average‘structure. Such small
differences yill lead to broader IR bands thap 1s the case
for the crystallane analogs. Consequently, the, crystal -

analog spectra descr1bed above were broadened and smoothed

by fitting Gaussian curves to the bands;iThe methodAls

L

described below in some detail. The qua51 meltd spectra for - -

~

the anionic units upvto Si;d;," are shown in fig. 17.
Larger anionic units were not con51dered due to the large
2i‘s’\umber of structural 1somers p0551ble for each case and
because there currently are ‘'no data. wh1ch allow'a particular
structure (or structures) to be chosen for a given poI@mer.

However qualltatlvely speaklng,‘the IR spectra of such

anlons will end to approach that of 'vitreous S1O2 (fig. 18)

w1th_1ncrea ing anionit¢ size. , . . ‘

The smoothed "quasi-melt" spectra in fig. 17, when
taken in conjunctlon with the, dlscu551on above, show that

“

the iR spectra of silicate anions may be divided into three
principal reglons. Thosehare: +the 0-Si-0 bending region

below about 600 cm~ ', the Si-0-Si stretching region between
600 and 830 c¢cm'' , and the Si-0 stretching region above~830

em ' . Further, several trends are apparent. With increasing
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Figure'17. Smoothed infrared spectra.of the drystalline
analogs of the monomer (M), dimer (D), trimer {T), and
tetramer (Te). ' -
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Figure "18. Ir_lfrared spectrum of vitreous SiO, from Ishikawa ',;;
and Akagi (1978). S co ) :
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anionic si;:,.the median of'the'sfﬁo strétchfng band shifts
to higher frequency and the Si- O Si stretchlng mode shlfts
to lower frequency. These features allow the qualltat1ve
1nterpretat10n of the IR spectra of silicate melts and

~

'glasses.‘ .
It is also possible to use the smoothed ctystalline
analog spectra'(fig 17) to qualltat1vely deconvolute the
glass spectra. However, ‘by s1mply exam1n1ng the spectrum it
is pos§1ble to tell with reasonable certainty?if.there are

. Lt . ' RN . . . .
contributions attributable to a particular anionic species.

In order to do more than that by deconvolution methods ™
. ’ 3 : oo LT

3

there must either be data about theAteiative iQtensities\of
.the vibrational modés for different ahichic Species,vgr
assumptions must be made about thosevintensities. This'
presupposes that the possible anionic spebies,are'known:
Without such data, deconvolution reiies on tbe assumption
that the re]aticb intensities of vibrational modes in the
same class (Si-® stretches etc.) are the same for different
anionic epecies. Deconvolution schemes currently in use for
" silicate glass cpectra (e.qg. Mysen et Aal., 1982a) depend on
a determination of the number of bands in a particular
composite band. The bandwidths, intensities, and positiens
are then varied in order to minimize the differencr between
the real and syntheticr epectra, While surh methade have met
vith some eurcesg frr Raman spertra uf}silicarp glasces

(Mysen et 3]., 19804 and 19R2%2a), the large number ~f IR

active bands for even simple silicate anions (fig. 17)

k)
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51gn1f1cantly compllcates the problem. Addltlonally, the ' ‘ .
\results of spectral deconvolut1on by 1terat1vely varylng' i . 'J
parameters (band wldth 1nten51ty, and: band p051t10n) and )
evaluat1ng the goodness of fit by m1n1mlz1ng res1duals are ;
strongly dependent on - the order in which the var1ables are . {
changed. Because og these dlfflcultles the spectra - d ' E
presented in thlS paper wvere not deconvoluted The - . ?
1nterpretat10ns presented here are- based on 1nspect10n and '%
i
Acomparlson of the spectra wzth the crystallnne analog é
spectra. 'E
. 3
Series one L %
As was previously noted, the series'one.spectra are éf
very sinilar and are treated as one. The 480 cm-' band ) é
indicates that 0-Si-0 bending modes are present. There is no %
way of telling whether the oxydens involved in those modes %
are non bridging, oxygens (NBO) or sre bridging cxygens (RO) f
between two silicons. The R8O em: band, on the onther hand, i
provides more information. The principal maximum in thae ~§

band is mo=t likely duesto the antisymmetrical §i -0

stretching m~de of SiQ,*" (v ,). However, the Presence nf

beth 1ow and high frequency sheouvldere in that band arauves

either for contributinng from larger silicate anions v for

a Adeformed S10,* ani~n. The pronounced gshoulRey at
Aapproximately AR50 cwm ° An the lrw &ide nf the S35 Q

streteching envelope ia in the €1 0O gj stretching reginan and

o, . ~ cq . . . .
thts 1ndicatea the presence of cilirate anionice uynitse ]arq;r

than the mopomer . The moct Jikely ~andidate is the Ajimer




" ($1,0,7) which_has baRds at 680, 820 and 910 cm-' (fig.

17). The spectra do nbt_shdw'other‘features which may be

confidently assigned to particular anionic units’ but that

‘does not preclude the presence of small proportions of such - | ;
units. - . .

Smart and Glasser (1978) report,- based on

chromatographic resolution of trimethylsilyl derivatives of

R RDURN IR WO I PR o

glass, that Pb,SiO, glasses:; prepared by ?hort duration

fusion and rapid guenching, contain 21% gikher, 30% dimer,

17% trimer, 7% ring tetramer, 2-3% rindl hner, and 27 23

e A - N
TR APAROEIN PICET IS VNTERSRI BN

polysilicate (larger than hexamer) anions. In order to
estimate the appearance of the IR spectrum of such a melt, a
synthetirs spectrum was constructed.

The =ynthetic spectrum was constructed by adding the

s e e R

digitized (% transmissinp) spectra of the crystalline
aba1oqs togetber in the proportions repnrted by Smart and
Glaceceyr (1Q7R) . Becaucse the sppcpra ~f pbzséo‘ slasses do . g
not hadve any features abecve 1000 cm whirhware attributaﬂ]e ;
to the vibrations ~f silicate anionsg, only cor\t’riiﬁ\rtions
from the monomer, Aimer, trimer, and tetramer were includeA ! »
The sum of the contributions was then transformed to ' £
absorbance and plotted, This procedure assumes that the 4
maximum infrared acfivﬁty of the strongest ahsorption for
each of the anienic species is the same. The synthetic\\
spectrum was smonthed and breadened hy fitting Gaussian:

bands to the observed maxima. The band widths (FWHM) of the

Gaussian curves were assigned accordinrg to the position of
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the band. Bands below 600 cm™ ' were assagnea~a band width of ;
100 cm~'. Band widths of 200 and 160/22? cm’ ' were usea-fe; f_' 1;/
bands between 600 and 800 cm™': and above 800 cm”™ ', |
Fespectlvely. ‘The' result, shown in figq. 19 along with one of
the series one spectre (Pb—1; Tab1e 11), is very similar to é

the series one.spectrum, except that the series one'spect}ﬁm
Has a moré intense shovulder at” approximately 650'c; ". That
result, whlle not proving that hxgher order polymers are
preqent in Pb,S5i10, mel‘s, lends support to the results nf
Smart and Glasser (1978). The conclusion for the series «ne
*h,Si0, meltg is that both monomeric and dimerir anionir
units are present and rthat emall proportions of larger
anioﬁic‘units may als» be present. That conclusion, in
cenjunction with mass halance considerations, requires 'bha!

» &
a sizeahle fraction of the oxygen An T‘F\’Q‘l)‘ melte hn ‘

present as the free anion (("“v )
Series, two, three, and four

Three regnlte ashnw progressive changes in the TR
spectra aither as a cdonsequence of decreasing eoo]ing rate,

.or as a functinn of increasing isothermal =oaking time., Ther

senae of these_Chéhges igs the samr for all three series ~f
experiment~, The most p~lymerized melt is that from
cvperiment TR 10 (Table 11 .and figs. 15 and 1A/), whi h
uwnderwent hoth the slowest cooling and the 1ongest
isothermal snaking. The spertra of the nther experiments a3v-
intermedjate hetween those of 'series one and that of FR 10,

Thus, a diecussion hf‘.igbe PR- 10 recsultg darves tno Aelinente

5




Figure 19, Synthetic infrared spectrum of ‘Pb,SiO,

- constructed by adding - the infrared spectra of .
crystalline analogs.of various silicate anions in the
proportions determined by Smart and Glasser (1978). Both

‘raw *(a) and smoothed (b) spectra are shown. The L
smoothing ?arameters are given in the text. The infrared

' spectrum of glass from experiment Pb-1 is shown for . o E
, comparison (?). . :
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.shoulders ét 525[ 650, and at greater than 950 cm"‘:-

Furthermore, the‘zzzg’nﬁdth (FWHM) of the Si- 0 stretchlng '
'envelope is muth g eater than that: of . the serles one spectra

. ‘o : .. . :
the entire series of progressive changes.

n

The IR spectrum. of PB—TO‘inclpdes identﬁfiablé bands at

465, 485, 820, 880, and 920 cm”' . There are also definite:

(400 cm“ versus 270 ch“.), and the m1d p01nt of that
envelope is sh1fted by 20-30 ch" to 1owef frequency. Those
band positions and changes (relat1ve to series -one) are
consistent with the presence of both ﬁbﬂoﬁer,and dimer as
vell as some larger anionic units‘(the éﬁouldef abovgléso
“m ' implies at least the tetramer). Thé 650 cm ' shoulder
was aleo poted to have increageA intensity relative to
gpriés one, which argues frr an inrressina contribution by

larger anionic ﬁnité. .
| Relative to the series one experiments, the specfrum of
PB-10 shows deééeasing nontribuf?cns from ghe'monomer‘
coupled with increasing rontribptions from éimar{é and

Jarger silicate anions. These resulte shew that both types )
anf thermal tréatment (slov coelina and isothermal soaking)
lead to increasing polymerization of Pb,Sié. melps.(i.é.
NBO/T Aecvreases). Masg balan~e conejderarionsg rpquire} as a
crrellary to that conclusion that such thermal treatments
also increase the pr oportion ~f ’reg~owyoon aninng (O’") in
Pb,Si0, melts. It is possible tn vSIﬁulare f?e p%op@rtion of -

0’ anion in the glass from the mass balance using the

anionic propertions reported by Smart and Glasser. (1978). If
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n theﬁpolyeilicate.reported by~Smart apd Glasser (1978) is

assumed ‘to be completely polymerized (SiO,), the calculation

Ylelds 15% 02-. : , |
-At. thls point it is necessary to consader the IR

spectrum of v1treous fayallte and the 1nterpre¢atlons

reported by Kusab1rak1 and Shiraishi (1981) The IR spectrum

,of v1treous feyallte has strong bands Centered at 508 angd

933 cm~' , as well;as é weak band at 695.cm™'

: Additionally, the 933 cm-' band has a pronounced high

frequency shoulder dbove 1000 cm- ¥ . Kusabiraki and

Shiraishi (1981).interpret that Spectrumges‘being.totally

due to the vibrations of SiO,*- monomers. They assign the-

695 cm”' band to the symmetric Si-O stretching mode of

tetrahedral SiO, ‘" (v,) and completely neglect the high

frequency shoulder in the’933'cﬁ" band. Their assignment of

ther695 cm~' band is incorrect. From the discussion of the

n,érYQtal spectra'above, it is clear that the 695 cm-' band is’
_"Vlthln the Si- O Si stretchlng reg1on, not the Si-0O
stretching reglon. Furukawa et al (1978) report the v, mode

of tetrahedral 510. gt»approxlmately §3o_;m-' . The

p051t10n of the 695 cm"‘ band is in very close accord:with

f%at predlcted from the ionic radius of Fe" and the-

correlatlon noted by Blllhardt (1969) between metal catlon.

radlus and the position of the Si-O- Sl stretchlng band for

various pyr05111cates Similarly, the high frequency

shoulder on the 933 cm-' band is indicative of silicate

anions at least as large'as the tetramer. The TR spectrum of

!
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vitreous fayalite is consistent with the interpretation that

& ,
vitreous ‘fayalite contains silicate anions larger than
$i0,‘". However, the low intensity of the Si—O—Si.stretching
. band (695 cm”' ) implies that the d;hinang anionic gpecies, é
is the monomer . . f
. .
. é‘
E. Conclusions g
This study has shown that Pb,Si0, melts contain - - %
silicate anions larger than SiQJ" monomers. The ani§nic %
spgeies that are present ana their relative proportions have ~§
been shown to depend on the ther@al“history of the melt. %
These obséfvatiohs,require that some of the oxygen in the %
melt not be bound to Si (i.e. oxygen anions exist in the Tg
. melt). That ionic oxygen exists in Pb,SiO, meits and that A {

those melts are structurally similar to Fe,Sid. melts

(Kusabiraki and Shiraishi, 1981) can be taken as impiying

that ionic oxygen may exist in all orthosilicéte melts. The

R .

. : |
results also show that NBO/T for Pb,SiO, melt% is less than

4 and that NBO/T depends on the thermal bistoﬁy of the melt, :

bR s s LW vl e e
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V. The Oxidation State of Iwbn in Slllcate Melts' New Data
@, .
for Basaltlc Melts~‘~

A, Introduction

The relatlonshlp between the oxidation state of 1ron i;A
natural rock melts and the bulk comp051t1on temperature -and
oxygen fugacity has been ;nvestlgated by a number of workers {
. A o - . : :
in recent years (Kennedy, 1948; Fudalj; 1965 Thornger et
al., 1980; and Sack et al., 19R80). Other workers inciddinc
Paul and Deuglas (1965), Mysen and Virgo (1978), and
Dickensen and Hess (1981) have investigated the sam?..
relationship for ivron.in simple synthetic silicate.helts.
The;vqlume of work on syrfthetic melts far surpasses that for

-

natural melte. The result i7 that, except for the equaticn

presented by Sack et al. (1980), fhgre is no way to predins
the iren redox .egquilibria in natural melts for given
conditions. Furthermore, much of the work on natural mel*é
was done at low oxygen fuqéciries (10 © 10" * bars). Onlv
Kennedy reports data determined at high oxygen fugacity
(0.21 bar). Tn addition, only Kennedy (1948) has done
experiments on a single compositicn at more than tvo
temperétures,:consequently, while the relatinonship presented
by RnEk et al. (1980) ;%s'é giverse compositional hage }‘43
dats sets extending from nephelinitic to granitir

b ¢
Chmpcgif{ons)r *he range of oxygen fugacities is quite

limited and the data were determined at only ? nor 4

A fFforont temperatnren Therefrara. thins n'\_v’iy wanr undertgben

98
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to expand upon-the data base used by Sack et al. (1980) by
providiqg new data for basaltic melts at high oxygen
fugacity and over a range;of temperatures. ’

Tbe results of 27 experiménts on three basaléic
compositions are presented in this.paper, The bulk of the
expe;iments were done in air and span the tempe§§;ure range
1250-1437°C. The new data were combined with those of
Rennedy (1948), Fudali (1965), Thornber et al., (1980), and
Sack et al. (1980);ané an equation, felating.the '
fe}ric/ferrous ratio of the melt to temperature, oxygen
fugacity, and bulk composition, was determined by multiple
reéression analysis of the data. The results presented in
this baper expaﬁd the ﬁrevious data base in terms of

temperature and oxygen fugacity. This increases -the validity

of extrapolating the predictive equation outside the

temperature and oxygen fugacity range of the data sget. In

addition, including 27 new data sets for basalts improves

the accuracy of the methad far hasaltic liquyide

R Fwxperimental and Analytical

The experiments were done on three different "hasalticr”
melte. Thdsé romposit;ons are C-11 (= nephelinite), KR 13
(an alkalj basalt), and 1921 Kilauea tholeiite. The =anr]-
of C-11 was provided by Dr. T. Fujii, the sample of KRR
was provideﬁ by Dr. C.M. Srarfe, and the sample 0} 1
Kilavea "holeiite vas provided ty Dr. 7 rughira. T'e

qt-a"O:-\'] mator Pale ey A il":' B e LA LA T L DO"'"" HEN
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tungsten ca:biég éwing mill. The powders .were then fused iq
covered Pt crucibles in air at 1350°C for at }eaét.Z hours. L
The experiments were done at_botﬁ low (logf0,=-8.0) -and High
(logf0;=-0.68) oxygen fugacities in an electrically heated B
vertical tube furnace (Deltech DT-31VT) eqﬁipped'with‘a 5. ;
gas—tight Al,0, muffle tube. Oxygen fugacities wére sét
either by leaving the furnace open to air, or by passing
mixtures of CO and CC, through the—fﬁrnace.'The ratio of CO
to CO, used in the low oxygen fugacity.ekperiﬁehts was:sgt
with an oxygen fugacity probe”of the type used by Arculﬁs
and Delano (1981). The low qkyggn fugac;ties are estimated
to be accurate to within #0.25 log units of fO,. The

R £
temperaturen during the experiments were monitored with a

Pt-Pt.,Rh,, thermocouple which was-calibrated against 'hea g
melting point of Au (1064.5°g).

All but thfee of the experiments were dane hy 'he Pt
wire loop method (Denaldeon, 1978). The nther three
experiments vere dore as batch fusions in Pt crucibles. The
samples vere placed an the Pt lobés as slurriees with
Aretone . After the arcetane evaporated from the slurry, the
sample wae ljightly fused onto t he lrop with an ~xy aretylens
rtorch, Thg 1w nxygen fugacity experiments were done in the
srme mannar . Trne Ioee to the Pr Jpops wag net thounaht o+ oo he
a preblem ae the f'amp]pc were analyzed after the
cvpe- imenteag Farh awparimnﬂf included édeveral gamples nf the
same haea't, ®a~h sample wa; split into sever-1 p'eceg

r\iece Wwam™ e~ 3 0 vy ) chiew o) ana"\vv"\" LR N T PRI O

TSNS et N AL R ATSIALY WL b 2 1 P o T A DR e o
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Figure 20.'Ca1culated_tim§,:equirgg‘for_gguilibration in

" iron oxidation state experiments for’ a.spherical 50 mg.
,sample with- a dénsity of 2.75 g/cm’. The method is
explained in the text.

yod

-‘i’~i‘ff£v}f)§m: .5—. ;;E & !”5‘”’5’ T n_-t.«:..»gg.a.“ua;iﬁh‘k»s-.‘de—éz~ =
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Pieces were analyzed for FeO..In most cases the samples

“analyzed for Fe® were also analyzed for total iron‘by atomic

absbrption‘using BCR- 1 (flanagan,'1973)~as a s}andard.
The bulk chemical analyses were done dn‘the University ; E
of Alberta ARL-SEMQ electrohfmicroprobe. Suitable standards
wefe used to éllow data reduction by the method of Bence and
Albee (1968) using the alpha factors of Albee aﬁd Ray
(1970). The FeO analyses were done by the method of Wilson
(1960). Microsyringes were used for the titrations in the
FeO analyses, thus allowing awprecigioh of +0.01 wt. ¥ td be
achieved for most of the énalyses. The solutions used vere

frequently standardized against one another to assure that
‘ .

the ferrous ammonium sulphate solution had not becomi

oxidized. The accuracv of the FeO analyses was checked by

ana]yzing-25’aliqnors ofIBCR~1 (Flanaqan, 1973). The result
of thoseﬁén;{yses was B.66+0.21 wt % as cémﬁérad to the
repor;ed value of B.80 wt. % (Flanagan, 1973). Al) of t%e
experimentsal producriiprodnfed in this 'study were totally ;
kA SSYy as determined by cptical examiration of the crushed
samples.

Tf experiments of the type done in this study are to t
have any meaning,”they must be equilibrium experimentg.
Thornber et al. (19R0) arque, on fh; basis of a time study,
that only 5~7 hours are required to reach e€quilibrivm in
wire loop expe;imnnrq with samples of up to 100 mg. Howevar .
their replirate experiments all fail to produce the same

Te” 'Fe'' valwue ‘for given ~onditions, ‘hut Aifferent
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‘experimental durations. The rate of approach to equilibrium

in iron oxidation experiments is controlled by the diffusion

13 oxygen either into or out of the sample (see chapter 6).

Thus,‘measured.oxygen diffusivities in silicate melts may be

ued to calculate the time required for equilibration in
-

such experiments. Most of the experiments reported here were

-

. i Y
done on KR-13 alkali basalt. The zero pressure oxygen

diffusivity for that composition was determihed in chaptér 3

(Table 9) and is ippfoximately 10" *cm?*/sec at 1400°C.

._Assuming an activation energy of approximately 70 kcal

“(Table 8) the diffusion coefficient is approkimately'

3x10 "cm*/sec at 1300°C. That diffusinn coefficient can be
used in conjunction with eqn. 16:

r = (Dt)'” (16)
té calculate an eguilibration time fnr wire loop qxper;;;nrs
by letting r equal the radius of the sample, D equa{s the
oxygen difstion coefficient, ahdlt>%qgal the.duration ~f
the‘experiment..Tﬁat‘was gbno, assumin§ é 50 mg. rample mase
and a melt dens{ty of 2;75 g/cm*, The results are presented
in fig. 20 inswBich equilibration time is plotted as
function ﬂf';Vperimﬁnfal fnmporafnrg. Fig. 20 was used to

Artermine the oxporihanra1 Avratricne peed in thie apfpdy’

C Wegulte and digrucaion
The evperiment»)l results are given in Takle 12, Sa b -~/
al. (1980) used the **Fh”‘dn° AT o Tt iple ey eseion

derive an equation nf the farm.

B
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Table 12. Analyses of experimental products. Analyses were
done by electrgn microprobe. FeO was determined by the
method of Wils (1960). Fe,0, was determined by
difference from total iron determined either by electron
microprobe or by atomic absorption.

|

Exp. # 15 16 17 18 19 20

fO., air air air air air air
T°C 1262 1278 - 1300 1300 1300 1300
t(hr) . 91 70 . 23 82 48 144
Si0, .47.20 47.90 7 49.14 ° 46.20 46.90 47.60
TiO, 2.50 2.40 2.14 2.80 2.70 - 2.50
Al,O, 15.20 15.80 16,14 14.90 15.30 15,60
MgO 5.70 6.00 5.99 6£.00 5.80 5.90
Ca0 9.60 10.00 '9.60 9.40 9.50 9.50
FeO- 1.49 1.76 2.05 1.84 1.92 2.11
Fe.,O, 10.24 10.16 9.22 12.07 10.54 10270
MnO n.a. n.a. n.d. n.a. n.a. n.a.
Na,O 3.60 3.40 4.03 3.10 3.40° 3.10
K,0 .11 1.02 1.23 0.87 0.95 0.61
P,0, n.a. n.a. 0.41 n.a. n n.a.
Tota) 07 . f3 o0 a4 20,04 98.37 Qg a8 .67
Exp. # 21 22 25 26 27 28
fo, air air air air’ air air
T°C 1305 1220 1321 1340 1350 . 1360
t(hr) 81 17 64 . 48 47 24
Sio, 47.00 47.80 147.20 50.40 47.70 51.42
TiO, 2.50 2.28 2.60 2.1 2.40 2.32
Al,™. 4 .80 16.00 15.60 15.64 15.50 16.05
MgO 5.80 5.82 5.80 6.05 5.90 5.89
Ca0o 9.30 §.54 9.60 9,82 9.40 9.57
FeQ 2.01 1.91 2.08 2.37 2.40 2.62
Fe,O, 10.88 11.91 10.45 8.68 9.94 9.06
MnoO n.a. 0.14 n.a. 0.19 n.a. n.d.
Na,Q 3.30 3.68 3.30 3.73 3.40 3.53
K.,0 0.78 1.18 0.84 0.96 0.86 0.97
P,0, n.a. 0.36 n.a. 0.14 n.a. .21
Tt g 4" | ANA ﬁ’; N rn l'\(\'OO n= [ ] ]{\] a4

n.d. - not detected.

- a0 RTINS R
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Table 12. Analyses of experimental products (cont.).

Exp. # 29 30 31 32 33 34

fo, air air air air .  air air

T°C ., 1380 1380 1400 1400 . 1420 1420

t (hr) 18 27 20 23, 23 26

Sio, 46.32 47.10 49.24 47.70- 47.30 47.20 |
TiO, 3.57 2.50 2.26 2.50 3.20 2.70 K
AL,0, 14.78 1820 16.27 15.30  15.46 15.80 5
MgO 5.95 5.90 6.11 5.80 6.01 : 5.90 ¥
Ca0 8.82 10.70 9.67 9.50 9.17 §.30 kS
FeO 3.28 2.93 3.5t = 2.66 2.88 3.16 P
Fe,O, 13.18 10.34 7.63 9.69 13.80 10.57 i
MnoO n.d. n.a. 0.15 n.a. - 0.13 n.a. 4
Na,O 3.32 3.20 3.65 3.50 3.10 3.00 ik
K,0 0.90 0.95 1.10 1.05 0.75 0.85 ‘E
P;0,. 0.23  n.a. 0.17 n.a.  0.04 * n.a. 4
Total 10h 35 98 .82 99,67 Q7.70 101.84 98 .18 B
Exp. # 35 39 41 43 93 * 94

fo, air 8.18 -8.30 “B.15 air air

T°C. 1438 1250 1200 1350 13¢0 1400

t (hr) 21 91 61 ~ 45 45 24

Si0, 48.70 47.60 49.40 49.60 41.36 39.63

TiO, 2.57 2.80 2.50 2.60 2.93 2.97

Al,0, 15.81 15.60 16.70 16.50 12.37 12.59 .
MgO 5.93 6.20 6.10 6.40 9.38 9.48 B
Cal 9.13 9.90 10.50 10.40 13.04 12.80 !
FeO ¥ 2.41 10.63 9.00 8.24 2.19 2.65

Fe,O, 10.65 0.96 0.79 0.66 14.57 13.75

MnO n.d. n.a. n.a. n.a. 0.25 0.27

Na,n 4.75 3.00 2.90 2.30 3.34 3.63

K,0 1.10 0.95 0.94¢ 0.79 0.76 0.91

P,Q, 0.02 n.a. n.a. n.a. 0.72 0.82

Tots) 1na. 14 nyoen “non A B IR FTE N an gg

n.a. - not analyzed.

oA, - st Aetacted,
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Table 12. Analyses of experimental results (cont,)

Exp. # C-11 - KR-13 1921

fO, air ©ailr air

T°C 1350 1400 1350

t(hr) 24 43 23

Si0, 37.77 49.63 48.08

TiO, 2.75 2.43 2.97

Al,Q, - 12.00 14.63 12.11

MgO: 9.29 5.91 11.30

Ca0 12.59 9,38 9.44

FeO 2.08 2.26 2.44

Fe,O, 13.46 10. 10 10.05

MnO 0.22 0.21 0.18

Na,0 4.29 4.06 2.25

K,O 2.17 1.25 0.51

P,0, 2.37 0.50 0.28

Tatal 88.99 100.36 99, €8 \
n.a. not analyzed.

n.d. - not detected.

Frreriments 15-42 wepre 1 - r o vooo19 evRerimertrae 07 w3 09

i

were done np Cot

'ni{x(Fe,0.) /X(Fe™ 1 =~ alnf(~,) b/T+c+ T a(idx(i) (17
x

where X(i) is the mole frart+tion nf oiide,component i in the
melt and a, b, ¢, and d are r efficients determined from the
multiple regreseion aﬁa]ygis, Tn their analyeis Sark ¢t 7],
(108N} axcinded the Axides IO, Mnn, Cr,0,, and .0, nn th~
hasis that thogse owxiAac ran havae very low concentrationg in
éiLirate melts and are frequently not reported in analyses.
The nxides TiO,, MnO, and P.0, were inclvded in the analysgie
reperted here hecauge examination of the data set ~howed.

that while the propqr":(\n: o f ‘he oxidee are Aenerally low,

-
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there was considerable variation in their concentratinne.
Cr,0, was excluded from the analyri~ far the =ame reasons
given by Sack et Aal. (1980).

The multiple reqgression analyses were done usirqg the
program MULTR (Davis., 1973) (translated inte bhasic). The
program was modified to allow the multiple regrossien
coeffirients to he standardized, The regrecaisn nefficiente
ipyg EtandAnrdived using ~quation 18

b - Al std. dev. 1)/(std. Rev B)} o oy
where B ja the Adependent varjabhle, 1T ie an indepenlant
variable, 4 is the mitiple reqrescio roaffirient ~f
variakle I, an?® b is th: etapdardi»ed mi'tiple reqrecey
coefficient f tarinbhle T . Qhﬂ'n?;arﬂi'zénq Fhe regression

coafficjentas )l nwe Alre t comprrican ~f the reqgreaeinn

rraf fiod ot in ~rder te dAeterm ne whi~h f them a ~acuntn
fFar mey e A R S LA JCE ZNNN UL N PRI O Aariat te (v
10 )

V.

The wultiple reqgrecgione wore dAmna inrrnmanra1‘y Aac

Aifferent groups of nnalysees were added to the data ae: Tt

. / : . .
groupinrg of analyees for the multiple redressions wacr (A)

the 27 analyees preserted in thig QFVJV (Tabkle 12): (1) 0o
"7 analyses preeented hy Sack pt‘a7‘ f19R0): ‘¢) the
combination of » ~nd B a'aver (P) the rpault o' Thoynh
al. (t1nha0) plue € araye: and 'F' the rtagyltea ~f Vennedy
{184R) »na Fudali (1068 plua N Ak we (16N “nalygeg). The

resnultae ~f the myltinple Yedrecr Yy ann e e aye reamant -
g p o € A% < r

'I"a,'ble 123, The largegt [ntra e-1 (' a0 el i aane dy

-y




Tahle 13. Results of
columns are 'obel .o
the text.
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Tul'iple regression analyses. The

“nrdina to the ¢asea defined in

Variahle A B f n R
Info, 0.207 0.297 0.231 0.230 0.228
1/T 6344 25124 12415 11535 11676
Const. ~103.2¢ 34.93 112.46 56.35" 0.16
Si0, 100.21 22,44 106.74 50.88 *5.78
Tio, 77.94 20.37 103.30 49.00 -5.65
Al,0, §7.94 10.34 94 .25 42.75 -13.35
MgO 99.61 18.09 102.26 46.43 ~10,29
Ca0 93.08 25,93 109. 11 53.18 -3.59
FeO 112.22 18.45 107.92 52.30 -4 .44
MnO 148. 34 60.32 €9.29 46.67 '3.00
N3 ,~ 119.54 31.90 119,13 57.46 0.48
| 18.00 10.53 115,92 59 31 1 81
T 100 <o 3 7 o on t_"-f e 7 [
r’ 0.9 .Ea (.97 0.9¢
\ LA Q 1 f N R I T AMalysr-
’ A ]

larger than that analyzeAd hy Sack et =], ('°80) AQy. the
rather more stringent equilihrium ériteris roplied ‘o thi-
“'vdy. Table 14 liacts the ‘ariablee ir arder o' phe vrelativ
Frop rtion of the variar = ~trrit ot 0a o 4y, ‘“blé for
ne Y of the racer 3' rva,

"he reqgreceici reffirienta fay 0. complete data g-t

(Fra2ca ) crmrare fauey Fly

=] tragpn) the

“yrept that
i~ negrtiue in thie ctady
stuly " ha refiiriente
w o ) O A

with thneeo Aeterrined Frr Ca b 7

GSior f +the “effirjent oy oy
Vil b car r aitive in ek -

v oY R (Na L0 ?(K.‘), andg

Thoe an i1+ cnean ey o Y ge
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an N o, X
comprnents ~an be expected to coincide with an increase of

Fe' in the melt, However, it is of interest to note that

a1l ~f +the regression coefficients are positive for cases A

’

’

R, €, a;d D. Only in case F are there any'negar{ye

regression roefficieants, Standardizing the regression-

[RF SR
35 A

reefficients (Table 14) shows that the fraction of the

in ey

variance ~f the dependent vari§b}e attrithab]p to any given

»

independent variable ie dependant . on the variance of all the.

I

variable= jin the data set. In cther words, if an independent
variable varies greatly“in the AQata gnt, then/*t'willlhavéva
rroperticnately férge fractin: ~f ¢ variaﬂ;° ~f %he
dependent “ariabhle attribuv'ed 10 it Thereforn, multipe
vegreseion snalyeiec, while providing a y~efu) woy ~f

Jetermi ing = proediveice model, prosides 1ittle or no

inefght i'””) the read) relationshipn Fetvncn the QAerendent

~

an? ;v-’-rn-»r-'l:-v\f "\"";!V‘\]vnl‘j’

N Applicationg

Sack et al. (1PR0) have demonctrated that fh?iy
multiple regrenmginn equation reproduc e wea=ured Qwidar§nn
statee f Jrop in ”af”'gi melte quite well. Rather ‘han go
throrgh the aexercice ~f haking *he same comparisons ag wer e
made hy facj éf A1. (19R80). the res\lts nf the odﬂszon
Aetrrmirved for ~age F were compara.ﬂ Fivertly with t},‘p
reslts produred by Sackis equati~n . The comparigqn'was me s

. ] ) .
frr fums div-ree molt Cﬁmpositionc (RCR ) Flanagan, 1Q73

. \ -
EXIRt| Average KR SRR IR B S Macknalds, 1964) %q A functinn ~f both
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Table 14. Variables ranked according to the relative
fraction of the total variance attributable to them (#1
= highestJ. The columns correspond to the cases
‘described in the text. ‘

L]
Rank A _ B C D . E
. —— _ K
1 » sio; Sio; Sio: . Sio; ]nfo: :'
2 Mgo . Ca0 Ca0O - Ca0 Sio, b
3. FeO MgO MgO* MgO0 MgO ) E
. 4 Info, FeO FeO 1/T 1/T ;
5 Cao K,O Al,0, FeO Al,0,
6 Al,0, Na,O K,O K;0 Cao
‘ . 7 Na,O 1/T Info, | Na,0 FeO P
‘ g o P.O, © . Info, *Na,O Al,0, Tio, :
e 9 TiO, TiOy TiO, _TioO, K,0 X
10 /T al,0, 1/T 1nfo, MnO a3
11 "MnO . MnO. P.O, P.O, Na,O 3
12 K40 P,O, MnO MnO P,0, 3
» . "t . ) e
temperature (fig. 21) and oxygen fugacity (fig. 22). Fig. 21 b
was calculated for an oxygen fugacity of 10" * bar. The b
results for BCR-1 show that the equation determined in this g
study agrees quite well with that from Sack et al. (1980) ¥
4'hfor,basaltic.liqUids. However, the agreement is not as qqoé %
for the rhyolite composition, particulagly at low g
temperatures. Fig.~ 22 shows that the two equations give '%
v virtually the same resu%ts as a function of oxygen fugacity
at 1250°C. All four curves fall within the 'stipled area in
fig. 22. Fig§? 21 and .22 also illustrate that the effects of
temperature and oxygen fugacity on the oxidation state of
iron in the melt are large when compared.to the effects of
" bulk composition. . 0
7
il .'45,5‘. & ~
o ‘...‘”: » . SR ] . . Q‘ N -y
- % , T FE S, - ' I
) y 7 2
: L e G AT T ﬂ EETYEasion VIR A
ot el m v e AS.-'sw-‘::ﬂ; Jﬂ sk e % "f » '19‘ s I : * .




, Figure 21. The relationship between ‘temperature and the
oxidation state of iron at an oxygen fugacity of 10-°*
bars in- silicate melts calculated from the case E
regression equation (Table 13) for BCR-1 (a) and average
rhyolite (b). The results calculated from the equation
of Sack et al. (1980) for BCR-1 (dashed line) and the
-average rhyolite (dotted line) are shown for comparison.
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AR

Figure 22. The relationship between the oxidation state of
iron in silicate melts as calculated at 1250°C from the
case E regression equation and the equation of Sack et
al. (1980)- for"BCR>1" and average. rhyolite. The results

for both compositions and both eguations are included
within the stipled area.
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-The multiple regression coefficient modifying the
variable 1/T gives the enthalpy change of the reactjon
(Fudali, 196R);: )
FeO,.., T ==Fe0 + ! 40, (re)

whirch describes the redeow equilibrium of iron in gilicate
melts. This etudy yields &n enthalpy change nf 23200 ~al for
reactinn 19. The valvue Adetermined from the epquation of Sa-! é
et al. (19RN) je TER200 ~51. Thége rasults can be compare-
with the snthnlpy r~hange calculated hy Kennedy (194R8) of

TRE00 ~21 for a hasaltic liguid, The Ajfferenceg between

AT G e A

Kennedy ' s recuylt and thnee calerulated from the resulte of

Sack et al. (1980) and this study most 1ikely reflect the.

failure of the low temperature experiments done by Sark et

al. (1980) to reach equilibrium, particularly for the mrre
€ilJiric compositions. This may bhe ceen hy romprring t'e
experimental durationt employed by Sach et »]. (1980) with
thoge ~alrulated from oxyqen diffusion data (fig. 20) for a
temperature of 1200°C and a basaltic compositinn, The
Aiffusivity of oxyqen decreaces asg the_sijica ¢nontént of tha

melt increases and as the temperature decreases (Dunn,

r982). Thus, fig. 20 shows that mcst of the low temperature
experimnats doﬁé-bv Sack et 2], (198N) were unlikely to bhave
;ésrhaﬂ éqni]iﬁrium. R;canée *h;.efperibeﬁTﬁ of Sack QF al.
(1080)) were deone under reduring corditiens, tﬁe failur~ te
ackieve equilibriur will regult in ap er'rapnepnaly hig' o'

of Fe ' te Fo' baing incoarporated ivte tle Aata eer

Fart horme v, eine e 3t Ve o moenk Jikely Fhnt rr]\vw"fphv":‘\vn (R

)




net achieved at the lower temperatures, such erronecus data
will tend to increase fﬁé abparpnt magnitude of the
temperature dependence of the oxidation state of iron when
it is expressed as the ratio of ferric to ferrous iron.
Cerreepondingly, as the enthalpy change of reaction '9 i«
given by (bR) where b is the regression coeffirjent
radifying the variable 1/T and R is the gas C”US?%“;z the
“~loulated enthalpy change will be too large.

The observation that the regression rnefficient
medifying 1/T may be too large limits the range ~f
temperatures over which the reqaression equations determined
both in this study and by Sack et al. (1980) may be applied
Use of the equatinn at temperatures mucrh helow 1200°C wii]
result in erroneously high fractiong of fP,O, being
éalculated. The *“emperature ~oefficient ﬂetermi$€ﬁ i this
study is =wraller than that determined b: Sack @t A f1apn) |

Therefre t'e equatinn Ae'ernin- ? here ce we I+ rao Vo

Yo A f vk Tyl b e Fye ) o Lo e e e

¥ Cenclusion

Three different hasaltic ligquide have VYaen equilihrat - '
in tarms ~f iron oxidation state a' various temperat re-
from 12672 tn 14?7"(, rither in asv (72¢ a-'poyi"‘cn"" cor e
an oxygen Fuoanecit - of —’ar‘r\v"Wima'o‘y 10 ° Fare (2
cxperine ta) The 27 n"peri"pntal dnta poiv\tq havr heen
AAAET a the An'a Veae noed hy Cack <t Al (1QR7) A phe

B I T -~ + ero- P lw. I I AT IS ,,,,’rp‘:.;,.. [ ‘;,~|41 -

T A e L e M AN Al e B D bd RS e W 0
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predictive equatilon for the oxidation state of iron in
silicate melts. @ |

The predictive equation is quite similar to that
determined by Sack et al. (1980). Howevef, the temperature
dependencies ~f both equations are probably too large.
Consequently, extrapclation to low temperatures will yield
erroneously high Fe' /Fe’  ratios. In that respect, the

eguatisn determined in this study appears to be preferable

as its temnerature dependence is the smaller of the two.

While litrle can be said about the relat]ve magnitudes

of *the effects of ~hanges ir the various oxide components on

the iron ovidation state of the melt, i was observed that
the effrct of buld compersitior i= small relative +~ tha

I S T R A IR LRI oyt

re NV eye ‘\"jf’r’.."'




VI< Oxygen Activity in an Alkali Basalt as a Function of

A
Temperature

A.“Introduction -

The chemical and phy51cal propertles of - 1ron~bear1ng
5111cate melts. are strongly affected by the prevalllng
‘oxygen fugacity. Recently, Tran and Brungs (198Qb)}and Lob
et al. (1981) have used Qxygeh activity probes similar. to
those described by Sato (1971) to direétif measure thé
activity of oxygen in sodlum disilicate and soda-]ime 5111ca
melts, respectively. Thelr results show that. the oxygen-
activity in simple 5111cate melts contaanlng polyvalent.
cations can change very sharply with changes in temperature.
Their results prempted this study éf the feasibility of
neing oxygen activity probes to directly measure the
activity of oxygen in natural rock melts.

) This stndy reports the results of oxygen Artivity
measurements in an alkali basalt melt 5ver the temperature
range 1257 1273°C. The ~xygen potential meaguiements were
made with an V,0, Acped Z;O, electrolyte cell (Ar-nlue angd
Nelano, 1781), The half cel) ypnp;:QPn npen s hiah el le of
thie type are bhacod are:

207 T 0 {ref) Vv 4o (20)
At othe referencrn 2lactynde and:

O,{melt) + 4o T 2N (21

at the measuring electrode. The overall reactjon i

O, (melt) —===0, (ref) (22) -

\
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The free energy change‘for reaction 22 is:
AOG(rxn) = AG°(rxm) + RTIN(a0, (ref) /a0, (melt)) (23)

The half reaction which occurs in the melt is given by

reaction 21. As -four electrons are transferred in the

reactlon the relatlonshlp between the half cell pofenflal
and the free.energy rhange of the reaction is:

NG(rxn) = ~4FE (24)
where £ is the cell emf and F is the Faraday constant.
Substituting egn. 24 int: eqn. 23, ané noting that N\G" =

-4FE® (where E° is the standard half cell potenfla] at un:t

o e e e _a =

-~act1v1ty uhxch goes’t@ aero for a pure oxygen *eferenrn)

gives: - A _ _ ) v
E = RTIn(z0, (ref)/ao (melt)) L (285)
EQh. 25'h01ds in tbn bfonre cf donic conduckion jn o the

electrnlyro rel).

B Fyperimental proﬁ7é;ve

@

b

The experimeint was Aane on a 20 aram batch ~€f alkali
hasrlt from Kettle River R.C. (KR-13; Table 15). A sample of
the rock was crushed in a tungsten ~arhide ewing mill and -
split of the reock powder was plnred in a Pt rrucible anAd
fused frr 4R houre at '3007C ip ajr The resultant al~an van
crushed (several chips were mounted for microprobe
analysis), returned to the Pt crucible. mounted on a
pedestal, and raised into the hot zone of an electrically
heated vertical tube furnace (Peltech DT-31VT). The sample

)

was held at 1250°C for 20 'hours priot to ééé;ﬁihg the

“Q N . . T N 1 T P AR £ s A AN imy—n
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Figure 23. Schematic drawing'of the experimental
configuration, showing the oxygen electrolyte cell and
the position of the sample melt.
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Table 15. Composition of the alkali basalt. Wt. % oxide o
determined by electron microprobe analysis of glass = Vo
chips.
Si0, 48.39 | D
TioO, 2.41 .
Al,0, : S 15.91 ;
Mgo 5.96 ; _ :
CaO : 9.62 : ' "
FeO' 11.35 |
MnO 0.25 ‘
Na,O » 3.98
K.O 1.22
' P,0, . 0.51
Total ‘ 9a .60
S~ . Total iron as FeD -

experiment®to assure oxidative equilihrium in the melt.
The m'i;-r_o’p‘rr;be éna'lju:is was dane on the Univirsity o f
Alberta ARI- SEMQ electron mirroprobe using wavelength

6ispersiv'9 mrtheds . Ql‘i"‘a}.‘lp sta'*dardsg were uged to allow

reductinsn of the raw A-ts by the “ethed af Menrs and Allee
(196R) u~ing the alpha farteore ~f Alhee and Ray (1Q°0) 1,
Aanalveie of the etarting materinl is given in Tatle 6.
TheAOngen probe used in this study wae the same ac
thoéé'uséa bf.ﬁrculﬁsqénd Delaﬁo (i§81). However, ceverat
modifications weré‘héde‘té the experimental ronfiﬁuration.
Only one probe was used and oxygen gas vas used to provide
the reference The meas'ring p_'lertrt‘rie rengli “ted of a Pt
wire with 5 € ecm leng'h nf high purity A} 0, tuhe einter-AQ
ontee i*ﬁrwwi'"afp]y 2 om from Aane end. The exposed end . f

the Tt wire wae attarhed direrctly to the zirconia/yttria

clertralyte (fig. ?23). The A),0, tube extends inta the melt

v

Bt O e
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wben the probe is in use, preventing the establishment of
the triple junction Pt air-melt. This assures £hat the
m‘.}’gen activity in the melt rather than at the “melt.'qas
{nterféce.is measured._fran and.Bfungs (1980b) noted that,
for conventional Sato type oxygen probes (Sato, 1971),
‘diffusion of oxyé;glthfﬁuqﬁ the electrotyte resulted in
anomalously high oxygen potentials near the oxygen probe. To
alleviate that problem they separated the measuring
elecfrodevfrom the the oxygen probe. %héf Configufériﬁw wan
not used in Ehﬁs study because it was thought highly
unlikely that any oxygen would diffuse *hrough the rnn
centimeter Tength of electrolyte in the frébé used,
Temreratures were measured with a Pt-Pt,,Rh., tharmarouple
rlared inside the ovygen probe (fig, 27?).

The emf output of the elertrolyte cell was meagured
with bhoth a digital valtmeter (10 magnohm inpuf impeAance)
ard a ~hart re~order (8 megachm input impedanre) . AV af e
é/dnf'q rep~ted h;r-q wérp meacured with the diq\'t;a]
vnltmater. The Aigital voltmeter wa e also ured in an étfomr'
to nmeasure the cell énrrevt. Mo measurement wvas obtained oo
the mest eengitive scale (7200 microampe full scale). thue
sntirfying the reguirement that the cell chrgent he zern,

The ~xperiment wag initisted by plaring the electrnlyto

¢

~ell into the melt. The melt wasg then stepped to 12577¢ anA
belAd at that temperature wntil the cell emf arpeared to
stakilize. The melt temperature was then jincreased by steps

¢ .
be 127270 The intermediate temperatures were 1286, 1316,

120

v

R
..
M




L.
and 1345°C. At each step, the melt was hgld until the rell

emf appearrd Fo_stabilige. After vénfhing 1373°C the system
was cnoled hack to 1257°C using the eame tempera'vre gtere

w

After the qystem.apbnared to =Fabilivé ar 17877¢C an-the:
geafing cy~le was begun. but was oplv «<r--ied 1t~ 1116
vhere the exXpeer iment wag terminated.

At the end of the e¥periment the electronfe cell was
vithdrawp frop the melt . Ekahiﬁéfién of the cell showed
Fhar, except for a thin coating of Fasalt melt., the cell van
apparently unaffected by ite 76 houn g immer~ion in the
hasalt melt. "ewever, 'he Jlnrk ~f a viaibly ~hviocus rea-ti n
deoc not mean that the rell 'id pet reagf with Phe melt +
Tiwmited ewtent . The (- idence for Vimited reaction het' o

[BRRY pltw't‘vw]v0r el anA the ey on | SRR - R B

¢ nécnl's and digcnenin f

Tb@ regulte of the S¥XpPeriment are summarized in Tab!-
16 aﬂﬁ'sh“wn araprhically in fige 54 énﬂ 25. At the
initiation of the experiment the emf of the electraolyte 1)
stabilized within 10 minutes. The temperature was then |
abruptly increased to 1287°C. As soon s the tempernture of
the system hegan tr\VV‘r"A"-n, Fhe cell em! hegan t~ derranor
rearhing a minimum after 8 tn 10 minnteg., when the gyeatem
temperature readched a maximum. After the temperature
stabilized, the cell emf began a s]ow asymptetric appraach
its final (e;nilibrinm) value (fig. 24). Similar behn- ! ~r

wag ohsey el far each temperatyure in~rease. Appar ent
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"iqure 24, Plot of the emf output of the oxygen electrolyte
cel)l as a function of time. Two cooling (a and b) steps
and one heating step 'c) are shown. 'he tempera' ure
Stabilized ~+ the newv sefting withi~ ' Mminoac afea.
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7're 25. Plot of 1na(0,) versus 1000/T (K) showing the

experimental brackets and the best fit line «to the da'
(egn. 27). Tre solid triangles are values used to
determine th Ltes* fi* line. Open triangles are data

reinte whkioh wer "~ used The reasons for exclvdir -
' '.‘i . ' o~ ;p LI RPN bpyt-‘
|
' re \ .
1350 - 1250
10, - - el . T S~
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Table 16 Oxygen probe readlngs after apparent stabilization
- and calculated oxygen activities.

-
T°C Mode t (hr) emf(v) ao,
1257 " H 1.6 0.0501 0.216
1257 C 16.90 0.0540- - 0,194
1286 H 2.2 0.0465 -  0.251
1286 C 7.5 0.0541 0.200
1286 H 10.0 0.0480 0.240
1316 H 3.5 0.0458 . 0.263
1316 Cc 9.5 0.0516 0.220 &
1316 H -16.3 0.0483 0.244
1345 H 2.5 0.0392 0.325
1345 C - 4.5 0.0491 0.245
1373 H 2.3 0.0371 0.351
q\ . J LY

Mode - Indlcates wvhether the temperature was approached by
heating (H) or cooling (C) the melt. -

.nstabilizaﬁion times ranged from as little as 6 to longer
than 16 hours and were not systematically related to the
system temperaturé. The cell response was the same, but ip
the opposite sense, when the temperature vas decreased. Whan
the melt temperature was decreased the cell emf rapidly
%ncreased, passed threough a maximum at the minimum
temperature and then asymptotically approached equilibrium
(fig. 541; The maxima and minima observed in the cell emf
correépond to oxygen activities =2s Jow as 0.1 and as high as
0.6. Those are sigpificant variations relative to the
equilibrium value of 0.21, While the magnitude of the

>
changes to be expected a' low oxygen fugacity is unknown, if

those changes are of th- r~m~ relntive magnitude as they are

T AN s,

'5;13"q3‘.
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at' high oxygen fugacfties,#tﬁé ﬁédprgdpiTﬁb}ia"iﬁ*t%e“meitﬂf s f?

could bewgreatly affected -

t [— -

Egn. 25 shows that the oxygen act1v1ty in the melt is
inversely related to the electrolyte cell emf. Thus the

decrease in the cell emf upon heating corresponds to an

1ncrease in oxygen act1v1ty,*and tﬁe*emf*1ncrease upon
cool;ng;}nélcates a aecrease 1n oxygen activit?‘%SﬁCh sharpo-v e
changes 1n;2xygen act1v1fy upon heatlng ‘and coallng (fig.

&

-
24) can be attrlbuted to rapid oxidation/reduction reactions

in the melt (Loh et al., 1981).

The only cation present in(siéﬁjficant proportions in
basaltic melts which undergoes :\Valence change under the
conditions of the experiment, is iron. The

oxidation/reduction behavior of ircn in silicate melts can

be expressed by eauation 26 (FiuAali, 1065 and Qarck ot 5] .
1980): Lo
FeN, o= FaO + 1/4 O, (72§8)
°J
T et

where Fe0,, is ferrlctiron and Fe0 is ferrous iron. Equatian
26 shows that the reduction of ferric iron produces oxygen
and thus caneed an inrrease in the ﬁﬂtiviry nf ~xygen in the
melt. Conversely, the axidation of farrous iron consumes
ox&qon and decreac~s the activity of oxyagen. Many workere
(e.g. Sack et al., 1980: Thornber et al., 1980 Fudali,

1965, and Kennedy, 1948) have ohserved that the proportion

~f Fg!reus iron in basaltir~ liquids increases with .

e P
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creasing temperature., Thus, it is reasonable to eguate the
b

abrupt increase jin oxygen aétivity_QbSerYed with increasing
?educrion of Fe’

temperature with the production of oxygen through the

to Fe’* and vjce versa for de-reasing:

temperatire. The abrupt nature of the change in oxygen
activity with changes in temperature,

indicates vhat the
Similarly, Semkow et a]., (1987) have obhserved thnt

oxidation/reduction of ircn in silicate melts isg fa<t
. R - A : :
oxidation/reducti~n reactions for 11j

composition melts are rapid.

[ara) AanA Zn i Alepeyate
in cell emf)

The slow decrease in the activity of oxygen (incresse
iron)

following a temperature increase

s Aue to
The

Fhe
temperature Aerrenge

diffueion of oxyagen fproﬂuced by the redurtion nf ferriec
out of the system, reverce ig the case followinn =

ThepﬁimeareO”ired,fOr.fhe ryeten to
reach the equilibrium oxygen a-t3

)8

ity 3
geometry and Aynamicrs {whether 1 natr the syctem 3
cronvecting) of *he system

dependent ot
\
. Thus, it seeme unlikely that :
equilibrium wae achieved =+ any time Anring the rogree o f
the experiment,

Fig. ?%5 is a plot of the 1rg nf the oxygen artivity,
determined with the probe after stabilization

verays !

1
The brarkets Aetermined during the heating and cnnaling
cy~les are :shown. The line in fig. 25 ie a least squares .fiv

to the data points shown as «o0lid triangles. Data paints

t - . . . .
shown as opern trianglés were not included in the re

)

gression
nnn’y@i;‘;;EEFﬂe their inclusion caused the line to fall

e

Tt B OIS 4 bt St v By
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outside one or more of the experimental brackets. The
bfincip]e cfiterion uséd to exclude those points is that the
prdcess responsible for the non-equilibrium behavinr ha® a
simple exponential temperature dependence ~ver the
temperature interval studied, Tn that case the lfne shown in
fig. 25 must he a etraight 1ine. The equation of the lipe in
fig. 7?5 is: ) AN

Inal0,) = (1 71+1.46) (5030+2300). T r’=0.49 (27
The non-7zern sl~pe of the line given in equation 27 ahrue
that the ~xygen probe measured anomalously high nxygen
activities relative to the imprsed oxygen fuogacity st highe:
tremperatur-e. That nkgervaticn can le evplained hy
rermeatien of ~xygen thr ‘ugh either the electrrlyte or the
a]nmiﬁﬁ tubke ¢ rticng of the prake. Tran and Rrungs ( 1080F)
reprr b eimilac bah~"7~r, Foe endy ;han highly redured melt e
were evaminad Nure OA the Jdeaiqgn ﬁiffarcncpn hetween the
nxygen rrehes vged by Trapn and Nragngs (‘QhOb‘ and thare yer
in this etnde (fig 7273) and the fa~t that an oxiéizcﬁ me )
waea étnﬂ§oﬂ, \F Ve likely that the anemnlrug activities
obserred are vot Aue tc the permeation of oxygen 'hr-ooah phe
prohe walle. T; ga;mc Tikely, tﬁat at the higher
temperaturea ther~ war aame golution nf the A1,0, frem the
A2lomina tubhe int~ the melt Solution of A1, 0, wnav'Ad ol AL RN IS
prlymerization of the melt (Mycen et A7 ., 1980AQ). thuns
in”roa”inq the activity of oxygen in the vicinity ~f tle
probhe. That prablem deoe” nrot hsve a sigwif‘ranr ~ffeort

the ~mnelugicong of 1V0 =~ 3y Rar . e b m ey b

e Gl el RIS e b ot ks Bl =

-
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con51deratnon 1f oxygen probes of the type used in thlS : .-

_Study are.to be used for quantitative §fudias in natural

rock me1rs.

D. Petrologic implications

This study has shown that, Upon heatlnq and coollng,

L
. 4w -

the, oxidatdon state -of rroh in tho melt changPs «ery rapad]y
either re1easjnq (upon the reduction of iren) or consuming
(upon the oxidation of iron) oxygen in the process. The
release or consudiprion of oxygen rapidly changes the
ovidation state ~f the melt. When a melt ~onlg, tﬁe iron in
the melt he~omeg increasingly rxidized in response to the
terprrrature change (KenHOQy, 1918, Fudali, '1968: 3nA Gack ~f
Al .. 10QR0) . Rimultanpcug]y, the activity of ~xygen in ‘he
melt Aerreacng, Pveafiﬂo divequilibrivm ~ondi‘inong In »n
npen eystem, axysen can Aiffure inte the melt from the
surrounding. ané ipcreare the oxyaen artirity bhaclk ta the
FXi)itrivn calee  Npanp syatenq “opdirinns “f thig ~ort exjiar
i gae hnfioavaed awper imente, 71°F¢ enfficient time 18 all~vweA
for xXyger Aiffugion ta Eesforh the equilibrium oxygen
artirit:, then tha aquilibriuve iron “xidation gtatae ip the
melt is attnined In yyatallization exper imente, the
sarplee ar~ generally ~n~aled fyeom superliqu’iAdys remperatire-
Fo the run temprrature, That wi)) cAanee the oxyaen n bioity

tn bha Adeprenged helnw the equilibrium value f~r the

renAdAit s ong Suerh binpfica]ly §mposed reduring ~~nditiones may

indure the cryetallizmatian of phasee whih will nat he in

e e B K i
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—equilibriuﬁ'when'the oxygen-activity in the melt
équilibfatés. if,gﬁcﬁ crysféiline.pﬁases do not dfsgolve 
back into the melt, they can only reach equilibrium with the
melt through solid state diffusion, -

Heating or cooling a melt under closed systeh

conditions (relative to oxygen transfer) also increases or

Py 7 -

agé;éé;és the ékfgeﬁ.éétivit§>iﬁ.%hé'heitliﬁo§évéf: in the
closed system case, oxygen cannot diffuse into or out of the
system. The result, upon cooling, is tha£ the oxygen
;ctiViEy becomes incréésinglv reduéing. Tf the melt was
«
originally quif; reduced, it is conceivable that the system
conld autoreduce ifself.intﬁ the Fep2' ' or even the Fe°© ﬁie]d.
Such a situasticr could lead to the crystalligation ¢f phases
enrirhed in Fe’ ", 1913(’.{\19 t‘(* the romposition expected fy-m
the bulk composition and estimated equilibriym dxygpn
fugacity of ;he mélr: Td“e;t;eﬁe g;nﬂitions, this provesst
~ruld even lead to the preripitation of metallic iron from
the melt as is observed for lunar basalts (Levinson and
. ey
Taylor, 1971). Clinged system\conditiOns of this sort are
easy to conceive of for natural melts. The case of a hasalt
ernpted ont~ the surface of the earth is one instance where
the melt ie raridly ccoled and cleosed system cnv;ditinr\n may
e prerided by the ~hille?® marqgin of the flow,
Toteredurtion nf the melt by rhe process descriked
above mayv =ler nffect the uvnlatrile phace speciation in the

melt. 7f » melt is conled guickly over 3 large temperaturs

*onqge ac im tha cnge for gea flror hagalte, it i«
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'concelvable that some of . the Cco, dlssolved in the melt ‘could

be. reduced to Co or even to graphlte (whlch could then'
preclpltate).'A large decrease in the activity of oxygen in
the melc would also promote the dissociation of water to H,
and 0,, thus lowering the apparent wacer content of‘the meit

(if tbe H, diffuses out of the system). This process can

- aecount. for the presence of elemental carbon in sea floor

—~ - -

baqalfs (Matdez and De]aney, 1981) aq wéll- as for the low ..
water contents observed for some sea floor hasalts (Muenow.
et al,, 1979). Furthermore, because of thjs effect, the iyAn
ox;daficn stete'of qceﬁched'basalts may not be a good
indicator of the pfevailing 2xygen fnracity in the me’f

pricy to ervptian.

F. Conclusian

This study hasg qﬁnwn that the oxidation Stacﬁ nt a
haseltic.melf chaqus rapidly in response to temperature
changes: Cooling of a melt results in an immediate decreacn

L

in the activity of ovygen as a consequence of the rapid
oxidation of Fe’- to Fe'*. Tn a system closed to oxygen
t}ansfer, the decrease in oaxygen actieiry may regult jin £hie
guenched melt Eeing out of oxidative'equilibhrium with the
crystalline phase assemblage. Conseguently, the axidation
state of quenched melts (glasses) may not reflect the

~xidation state of the magra from whi-h the glage wang

qnnnrvhpﬂ )
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. .. ... .. V1l. Conclusion

A.'Shﬁmér§ of conéfusioﬁs

The five studies presented in this thesis illustrate
the value of studying oxygen in silicate melts. Chapter 2
sbowed that the principal species contributing to the
diffusivity of oxygen is no larger than the Si0,*  monomer,
even ipvmgltsvwbich'ape thought of as . bighly polymerized. Tt
vas alsce obServed that ozyoen confarms rﬁ the compePsation
law for cationic diffusion in silicaté melts., That
observation suggesté that the diffusing species is
"cation 1€ke" (6"). The maénitLéé of QQQEPK'GiffHSiVity wer
found to be similar to the magnitudes of divalent ﬁariOG
Aiffueivity, which furtber supperte the suggestion that
oxvaen diffugivity receives a siagnificant cantrihytioan fro
0" anions.

Chapter 3 showed that the relationehip batwesn nxygen
diffusion in basaltic liquids and prescure ic not at
like the pressure Aependences ohserved for ratinne in
Silicafg melts, Furthermore, the observation of negative
activation volumes for oxygen.diffusinan arcﬂnq strongly thoe
variations in the diffugivity of oxygen with pressnre Are
not related to changes in the frpa volume ~f the melt. The
correspnndance hetveen abrupt rhangeg in cxygen Aiflusiviry
and changes i1 the ligquidue mineralogy of the melts studird,
snggeste that the preegure dependence of oxyaen Adiffugion ie

related to changes in the Anjonic eperiation Af the melt
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The pressure dependence.of oxygen-diffusion is-not .related

to the pressure dependence of viscosity for the melts

studied., Therefore, the correspondence between viscous flow

and oxygen diffusivity suggested by Oishi et a]. (1977) anA

Yinnon and Co~per (1980) may he frrtujtous. Oxygen

diffusivities in basaltic liquide are of the same magnitude

>

as Adivalent cation diffusivities. Therefore, in cases of

diffusion controlled ar slower crystal grawth, crvstals wil)

not be out of cxidarive eqrilihricm with the bedy ~f the
me bt

Chapter 4 Aemmngtrated that the strurture nf 0k ot .
relts deperds ~r thermal bistorv. The melts Fec me

increasingly pelymerize? (HNO T Qerrearcreg) with oft e

Jecreasing conling rate. nr incraagsing AuratinaAn of

irntheymal “eating. The pPresence ~f gilirate anione 1ar 1.

than S50, in Yead orthegilicate molt requiras g

rresnanAing prapartian Af 0" ani ns in the molt

Chapter & [frecentn an imp'ﬁ”nﬂ predicrtive &qna'inn LT

~alrulrting either the oaxidati n atate of iton 3 a melt

{giren the temprratnre and the Avygen fugrnecity), nr the

~xyoen fuogacity of » melt (given the jran nxidat inp mtate

ard t he ‘emperature)  The nidation etate ~f i1 n in
cflirate meltae wae ohayp ba Aopend murh mere o eogp e
te Yl axygen frogarmity than an ' ik ~ampagi ! 3on

Chap' ey A trerented new Inta tha change ' ' he

nxidation gqtate - f a basaltic melt wjth rhanging

Oﬁyy\r\py:\luy e The MR Ae mo b "t‘ e f o ‘\5(;::.]'» me 1 v~ ahrwn
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~t6 decrease rapi@ly on ;oolinq in respoqseﬂto oxidégion of
.Ee". Reeguilibration of the okygén'acrivity then AéCUY'"ﬂ
by the diffusion of oxygen into the melt from the
surroundings. In the case of a system closed to oxygen
transfer, this process provides »n presible explacation for
the ~ccurrence of rednred phaner §in a0 obhes - fe- AP oY ant ly
move oxidized ayatem.
B Conalnding remarks

The results prresented in chapters 2, 2, »nd 4 engge
that ©7 1§ Dresent pot only noerrthecjlicate n'clf€, Yorny
als~ in mné‘h more roalymerized melte. That akrer ntion

=

requirec Fhnt m"»dei‘ic of gilicate melt st nctire which Aa ner
I
in niporate the 7 anion he reaca~ceerd. The procen e of O
in relativelv pelyrarized cilicate melte allowe the pree-« .
~nf ~ greater varjely of ganinni- speriee in the melt tha-
the case if O’ e not precent. Furthermeore Myrmen gf ~
{18R04) arque that P;‘RO/T-, ae thay ~glenlate 1+, ig
defivitive of the StrgﬁtnYQ ~f the melt and depends only oo
hvlk romprsition, The re"ﬂu]ts rrecsented here Ac n~t aaree
with that Agsertiog:, The presence of ovygen anion (07 ) ip

ﬁi];r'ar; meltrte and the euqggeat i on that 3 rrrticipatea 3

reartinne wi'h s joni- e lymere (rhaptar ) ifmpliee that 1.

abrurtire f Fthe nalt 3o Aep-ndrnt on ceyigen fugaci'y
Finally the reeg'te Hf thie ther'e ha e el rwn thint Cwy
cAan Aact | A ver ceoaib . e ahe e, T P {

n:l:ua',- TR B P




Biblingraphy :

Albee, A.T.. and Ray, L. (1970). Correctinn farfofs f5r
electron microprobe mizroanslysis of silicateg, ovider
carbonates, phesphatee apd aulpbnt or /‘”1‘%7 ("»%/"

42, 140R 1414 .

"renlus, R.J O and NPelann, 1. W. (1QR1) Intrineic oxygen
fugarity meacurementg: technigues and recilte far
spinels from upper mantle perid~*ites and megacrysr
ascemblages Gerchim. (néwh(hi; Atz 45, ROQ Q4.

e o AF. and Albea, A.T.. (10gR). Fopiri gl crvrractinm:
farférﬁ frr the elertron micr-an-dyeic ef el mten oo ”
oxides ./ el 7€. 387 4073,

PP 'hardt . oW, (1060 Svnthesie af 16> ryreai' wnt o '
other Faygyailir. Yika o ompyee Ae N M ey -4
540-521

AT RLT. C1032) 0 The caliulatian o f eryere Py vhe me !

~nf leaet feUAY e e /\/7\0_ Rew 40, 207 2973
ni']a' J.D.f c{hb‘:, G,V,: Hr(\(r' T .R.e¢ ar’ Fn'irh, R
(196R). Cryeral atructs o cavinat 0 i, Ay

Mine a1 K?, RC7 R?24.

"elris, J.0M ¢ Wi -henay . 1.0 fTanatowi o, € ¢ oA
T‘Qm1 ;l\ﬂl"\’ v (lodg\ ., The a- oty .(',-,1‘ ey "U' ) 'if\ o f
Fi];f'ﬂ"' mPW'c' QV'JPP"“: "":"'J LR L] [ s

oy oy - < ‘ 2701 D
) C

et t1gr 1 bty Tyt~ 1~ [AREN] Jorivw iy 40

131




q

Mitinga, V.:; Weill, D,: and Richet, P (1087), Dongiry

n

calrulatinne foo cilicate lim-ids. 1. NeviaeAd mnde
a]\'"'il\f‘!“i]if‘f\' " "f\"\r“"f‘;f ;"IV'Y' (‘yf.'('\"./'i'v' ft'f?.'”hf‘t"l"fﬁ’ 4

4¢ 200 01Q .

ven, HLUT,. (17117) The welting phenomena f 1t ha rVln~ioe )

feldepare. 4m, . S-i 285, 877-5¢0q.

cen, MLT, (1CRY The rryetal]izati n ! Taplet o omal
bhap)-dierr it a0 va et s oy ey e Yo L (ol N
11 o1en

v, FLp and Pngland, 1.0 . (1oany npparatoe for phaece

fquilibrium meas r apent s at rrres reg up R

Art? temrmyal o oae Tt toen T N (S ol - I~ - oo

79 40N

. PG oand Nern, o p f10°2) Theor v i Fypmp iee o) . .
.

~nf erme cfentlo-need tetrabedral any e (v \

Cra frnehinc A ta 28N 126 174

oo Wl Rurhler | Ve and Hi' nle F. ("0&3), Ra =n Sre’
;e

vaors T‘iph““-p‘ “t. Dir-gerat und Trren Cemia - e Y.

S hmalr oA 7 /1/),"10 ‘7’0 [T I'KR A rr

~ N a an’? uMn~ine | A A AT R S T SR Ante minat i -

~ar ag fAr v T Wn 13wt - o HEN ¢l P TR

A Mier =] rs cC e o rae

Feheed 1m0 et - " : Cpera. F 1 Woed B
ST Velg: L A R iah Femiberat vy g fropertie
L T BRI PN Vioynaed npr‘“n‘{ O T S S ;\;'L,:,,;;.,\
nmc e b o hgat ey INER T myye Y ~, . [T A

tar

fo

1 -




.8

.-
Y','\r

“handrasekhar, S. (1961). Hyvdredynamic and Hedpromagnet i
Stabilityv. Clarendnn Precsg, Owfrr A,

“layvton, R.N. and Mayeda. 7. (1Q61) The nee - f hromine
pentaflunride in 'he evtra tiann of “rygen fr v oxides
and «i1liateg f -+ ‘- R AR analyria e bvim 7 ey i
Arirng 27 42 R?

Moy ;g' J. - (,w-;q) ’:ffi' ok BT PO PR A LN R P Ty e fee iy (YT ey
Wiley, Mew Vorbk, nw

A g P, and Tander, 1. (1QRO)DY Nyyyen 'rarcer Aiffuein

in & protacsgi'm silirnte ‘)].ag:% abhrve the trane/ ~1ant i
temrerat vy e, PInyea “hen Flacere 21, 176 100

' rq ¥ and Tadauler 7 (19-0) Xyqgen rtracer
in lead eili nte vlame ' nve the trs eformat b
fempsynt y- Iy e oA e (lar-ec 10 R R?
~ng, L= 2 B OB a3 Ryry . O F franp) l'('1ym9v Sratinan Af
filirnt AnA aluminate tetrahedry ip plasrsar, ~a@lte, -
ATvertg o« TLaob i ‘e T. Fle ‘Yroni~ gtrobrure of noSi L,
HOSHIAY L WA (L Geecin Coameci im. At g 43, /1 7

"o tengen, M B, an? Heam © (197°1) . Redox equil bhria = °
the srrva-baral r=e Af Jron 5o alumineeilic o e ol
Contrib, Minerx1 Fetren]l ., 78, 352 38T,

Mronldsen. O ML (1917) A epwple heldine terh 'q-{w Fory
Q,..'\y ey R L T T T R S B Voo M, o 4
&0 941 1-¢

remue, POV (10R0) D Diffueion ~f oxygen from soptracting

boebbhles in molten glass. J. Ar. Cepam Soc. 43, ABE g6

Dunn 1 (1ARDY  Ayygen Aiffuainan in three ailirate melte



oy

alens the join ﬂimpqirio R N TR e i seminess fm
M"tm 46, 2792 »2ca

v, M.H_ and Preerdaner; , ¥ (1a:g) Carben Ainvide -
€ilicrare meltg T71 . ?‘1(E;]if:n¢: f o, “nd v, 0 in
Ca''g&i .0, 1A PsiT ) Tiagicde aad ey oy e oo Prorceiyae
a0 Ik M b Qe 27F R4 04

eYLTW p tyeen, P04 and Tiamping, T.e. (1070) . Gas
apeciec i cenled ~ rsulee in anlid media ) jqgh preemy- ¢
Avrarat e (Cgroecgie Inet  Weels Yearbk T3 "»a ’;“,

t, W.q. (1ogpy .- «'.Q":shi-lit‘\' relatiane f
nErvreicviclerkite. e cliin. Ceemochim Acte 1o g6 an,
Per T e Wines, TP (1060)  cpabiley relatisng ~f
Eh= O rrywunie g ¥ tive anrite o) Fretrel] 1, B2 1978

Aaqen., T 1 ity V72 v )lirar fey ;""'0'112"‘1"“;\]

o]
0

amical re fer - Comy e I AT T T VAV I YV f =~

37 T1ran rann

ch R M and Fioaater . HP. (1068 Frerimental -~ . a)
o~ f f\yvg.r|\ (||°~f~it:g~c h\' QY‘?’Y‘ HE. e RAIPAPVERR I (I YN :1"" )

Cerrlne Ree 10 1820 1529
1 . o
heomoro fanen) "yacn futacities of basaltic'an

. . . X , oo 0 M X T
Tnde it e e e N S R ARRY CtA g igygg

5 %%&
1310w %é‘vz

';’ 1 AanAa Pae)o o 1 ()0'7\‘ Y\mv'ﬂ"y AR S nrify A3
~omye r"‘-"-:bili". ~f el e ‘iqv';(? At vy ot TrAaTe g e g

(=i prerje Thed W~y yea kg TF, 400 g7 ’

PawrL s Rraver € 4 ¢ and Uhire W.R. (1979). Ramap

RETPT} LR A ﬁr\mr-fy(\sf:(\pir cr\l'Q;o_c ~f Q'hp (‘Y";f‘g]1i'\9 Dhas&s



-138 -

in the system Pb;Si0,~-PbSiO,. J. Am. Ceram. Soc. 62;
' 351-356. |
Furukawa, T.t Brawer, S.A.; and White, W.B.J(1978). Thé
structure .of lead éilicate glasses détermined by
vibrational spectroscopy. J. Mat. Sci. 13, 268-282.
Glasstone, S.; Laidler, K.J.: and Eyring, H. (1941). The
Theory of Rate Processes. McGraw-Hill, New York:
Gotz, J:; Hoebbef, D.;.and Wieker, W. (1975a). Die
Konstitﬁtioﬁwder Sili&atanionen im kristallinen
2Pb0.Si0,. I. Z. Anorg. Allg. Chem. 416, 163-168..
Gotz, J.; Hoebbel, D.; and Weikeg,’w. (1975b). Die
Konstitution der Silicataniohen im kristallingn
2Pb0.S10,. 11. Z. Anorg. Allg. Chem. 418, 29-34.
Gotz, J.; Hoebble, D.; and Wieker, W..(1976). Siliqate'
groupings in glassy and crystalline 2Pb0.Si0,. J.
’ Non—Cryﬁf, Solids 20, 413-425.
q‘ti, J.: Hoebbel, D.; and Wieker, W. (1980). The influence
of cooling rat? og 8 2Pb0.Si0O, melt qn the constitution
of silicate anions. . Non-Cryst. So;Lds 37, 367-380,
Hamann, S.D. (1965). Thé influence of pressure on |
.electrolytic conduction in alkali ®ilicate glasses.
Aust. J. Chem. 18,1-8. -
Harris, D.M. (1981). The microdetermination of H¢O, CO,, and
; 50, jn giass‘using a 1280°c microséopélvacuum heating

stage, cryopumping, and vapor pressure measurements from

77 to 273 K. Geochim. Cosmochim. Acta 45, 2023-2036.

"Hartis, D.C. and Bertolucci, M.D. .(1978). Symmetry and



- s } . AR AR P T A e e
e e N R IR RS I e AR Tl e i e s

139
s

Sbectr'oscopy, Oxford Press, New York, NY.

Hess, P.C. (1971); ?61ymer model of siliééte melts. Geochim.
Cosmochim. Acta 35, 289-306. o

Hess, P.C. (1975). PbO-SiO, melts: structur; and ‘
thermodynamics of mixing. Geochim. C5smochim. Acta %9,;”
671-687.
Hesé, P.C. (1977). Structure of silicate melts. Can.
anenal.. 15; 162-178. ‘
Hofmann, A.W. and Magaritz, M. (1877). Diffusion of Ca, Sr,
Ba, and-Co in a baéalt melt: implications for the
geochemistry of the mantle. J. Geophys. Res. 82,
5432-5440.

Hofﬁann, AW, (1980). Diffusion in natural silicate melts: A
.critical review. In Physics of Magmatic Processes. (ed.
R. Hargraves), Princetnn Press, Princeton, NJ.

Ishikawa, T. and Akagi, S. (1978). Structures of glasses in
the system Sn0-Si0,. Phys. Chem. Glasses 19, 111-114.

Jost, W. (1960). Diffusion in Solids., I'fauids, and Gases.
Academic Press, New York, NY.

¥arsten, J.L.; Holloway, J.R.; and Delaney, J.R. (1985). Ion
microprobe studies of water in silicate melts:
temperature dependent wafer diffusion in obsidian. Farth
Planet. SGi. Lett. 59, 420-428. .

Kennedy, G.C. §1§48)‘ Equilibrium between volatiles and jron
oxides in igneous rocké. Am. J. Sci. 246, 529-549,

Kirkpatrick, R.J.; Kuo, L-C; and Melchior, 1. (1981).

. k4
Crystal growth in incongruently-melting compesitions:



140

programmed cooling with diopside. Am. Mineral. 66,
' 223-241. |
Kbros,‘P.J. and Kihg, T.B. (1962). The self-diffusion of
oxygen in a lime-silica-alumina slag. Tran. Met. Soc.
AIME 224, 299-306. .
; , Kozu, S. and Kani, K. (1935). Viscosity m;gsurements ¢f the

ternary system diopéide—albite~anorthité. Imperial Acad.
Japan (Tokyo) Proc. 11, 383 385. )
Kusabiraki, K. and Shiraishi, Y. (1981). The IR spectrum of
vitreous fayalite. J. Non-Cryst. Solids 44, 365-368.
Kushiro, I. (1976). A néw furnace assembly with a small
temperature gradient in solid-media, high-pressure
apparatus. Carnegie ]nist. Wash. Yearbk. 75, B832-833.
Kushiro, 7. (1980). Viscosity, density, angd structure of
silicate melts at high prescures, and theijr pe'rnl-gi -
f; applicationa. In Physics of Magmatic Proceceea (~a v

Hargraves), Princeton Frese, FPrinceton, wWJ.

Kushijre, T.; Yrder H.S. Jr.: and Mysen, R,0Q. (1Q7¢),
Viscosities nf basalt and andecita st high presgires ./
Geophys. Res. 81,6351 356,

5
Tevinson, A.A. and Taylor, M.P., (1971). Mmen fv-ks and

¢
Lol
#e
i
B
4
i
2.
i’.
¥
o
\.“l

Minerals, Pergammon Press.
T.ob, T.; Frey, T.; and Schaeffer, H.A. (19871) Centinuovus

determination of the oridation state in =a

soda+~l]lime~gilica glass mo?‘ﬂﬁv'iﬂo refining Covwmm. Am,

; Ceram. Soc., 168169,
; A

Masson. C.R.: Smith, J.B.: and Whiteway, S.G. (1970).



141

Activities and ionic distributions in liquid silicates:
application of prlymer theory. Can. J.. Chem. 48,
1456-1464,

Mathez, E.A. and Delaney, .J.R. (1981). The nature and
distribution of carbon inbsubmarine basalts and
peridotite nodules. Farth Planet. Sci. lett. 5¢€.
217- 232,

ho May. H.B.; Lauder, T.:; and Wollast, R. (1974). Oxygen
‘. diffusion coefficients in alkal{ silicates. J. Am.

Ceram. Soc. 57, 197-200.

Morimoto, N.: TokKanami, M.; Watanabey M.:; and Koto, K.

(1974) . Crystal structures of three polymorphs nf
= Co,Si0,. Am. Mineral. 59, 475-485,

"wrhlenbachs, K. and Kushirm, 1. (1974). Pxygen jsotnpe

exchange and equilibration of silicates with €N, ang o, .

Carpegie Inst. Wash, Yeart. 73, 232-236.

Myenecw, D.W ; Graham, D.G.: T.iy, M. W.K.: and Delaney. .01,

(1979) . The abundance of velatiles in Hawaijian

4

gi tholeiitic submarine hagalts. Farth Ilabat Coi. detd
g 42, 71-"6.

Y Mysen, B.0O. and \'it’g(\, n. (1978). Influence of pressure,

b temperature, and bulk.compositicn on melt structuren irn
3“ the system Nah]‘;i"o‘ NaFe® 85,0, . Am. 0/ Seri . 278,

%

1307-1322,

Mysen, B.0O. and Virgo, D. X 1980). Solvbility mechapiems of

carbon dioxide in silicate melte+ a Paman L] QG Tak RN R O

studv. Ar. Mineral 65, RRE RQo



- . 1472

/ Mysen, B.O.; Ryerson, F.J.: and Virgé, b. (1980a). The
influence of TiO, on the structure and derivative
properties of silicate melte. Am. Mjineral . 65,

1150 1165,

Mysen, R.O.: Ryerséﬁ, F,J;; and Virge, D. (1980b). The
structural role;of phospborus in silicate melts. Am
Mineral. 65, 106-117. N

Mysen, B.O.: éeifert, F.F.: andg Virgo,'n. (1980c), Structure
and redox eguilibria ~f iron bearing silirate melts Am.
Mineral. 65, B67-884¢. )

Hyeen, B.O.: Virgg, D.; and Scarfé, C M. (19804). Relatione
between the aninnjc structure and vigengity of giljrstan
meltsA Raman spnrtroccapic study . Im, Miners=] ¢&
600 - 711,

Mvsen, B.O.: Virge, D,: and RKuehijra 1. (1901), The
structural role of aluminum in silicrnte melts a Ran"
spectros ~pir study =t | atmnsphere Am  Mingr~l g6

678 701,

3
593

Hysen, B.O.: Finger, L.W.; Virgn, D.; and Seifert, ¥._ R,

?h;"

-y : ’ F Cy s

A (1982a). Curve fitting of Raman spectra of cilicata
ﬁ_ Qlasces. Am. Miperal, 67, 686-69F,

Myeen, B,O.: Virqo, N.; and Seifert, F.A. (1982b). The

strurture of silicrate melts: Tmplirations for ~hemiecra)

and pbyvsical properties o~f naturgl magma, Rev ., Genpin =
Space. Mhys. 20, 353- 398,

Makamot~, K. (1078), Infrared and Raman Spectra of 1nopg-nic

and Cocrdinagt jon Campovmde  Wiley Tntersecience. Mew



St:-f.
b
3
)
bt
s
3
b
g

5,

143

York, NV,

Nockolds, S.R. (1954). Average chemical compositions of some
igneous rocks. Bull. Geol. Soc. Am. 65,}1007~1032.

Mishi, Y.; Terai, R.: and}Ueda, H. (1975). Oxygen diffusion
in liguid sili~ates and relation to theif viscosity. In:
Mass T1ransport Phenomena in Ceramics, (eds. A. Cooper

and A. Heuer), PYenum Press, New York, NY,.

®iski, ¥,; Nanba, M.; and Pask, J. (1982). Analysis of

)
liguid interdiffusion in the svstem Ca0~Al1,0,-Si0, using

multiatomic jon m°de;szgﬁ' Am. Ceram. Scc. 65, 247-253.

Tauvl N

4

and Douglas, R.W. (1965). Ferrous-ferric equilibrin
iv binary al*ali eilirgte Qlaseer. Phye (Chem Alsccee

P'etter, W.; Harnik, A R.: and Feppler, 1. (1971), Pie

Kristalloetruktur vep Blei Raryeilig Fb,81,0. 7
Kri¢fp77ogw. 133, 445 4FR. S

Pichat , F. o and Rottinga, Y. (19R0). Heat capreity of liguid

silicates: new meacuvrements ~n NaAlSi,n, and r . si.n,

Geo~him. Cosmoclvim. Acta 44, 1535 15471,

Po-iere, JJ.: Pageal, 1 1..; and Potier, A, (1973). Calcul du
champ de force de 1 arhydride rerchlorique a partir de

1'approximation des vihraricne Ae groupae. Spectrochim,

Acta 29a, 169 175,

Ak, R.N.: Carmichael, 7 §.E.: Riverg, M.: and Ghiorear,

M.S. (10R0). Fervic ferroue equilibria in natural

silicate liguide at ' har, Contrib. Miperal . Netrel . g

IO V76



144

Sasabe, M. and Goto, K.S. (1974). Permeability, diffusivity,
and solubility of oxygen gas in liquid slag. Met. Tran.
5, 2225-2233.

Satn, M., (1971). Electrocbemical measurements and control of
oxygen ngaéity and other gaseous fugacities with =solid
electrolyte sensors. In: Resear~h Techniques frr tHigh
Pressure and High Temperature. (sA. ¢. Ulmer)

Springer Verlag, New York,le.

Rearfe, C.M. (1981). The pressure dependence of the

viscosity of some basic melts. Carnegie Inst Wash

Yearbk. 80, 336-339,

.. —r
A

Srnrfe, C.M.; Mysen, B.0.: anrd Virge, D. (1979). Changes
viscosity and density of melts of sedjum dicilicate,
sodium wmetasilicate, and diepcide composition with
preesure  Carneqie Inet Wash, Yearhk 78 547-681.

Tonvfe, C M Cronin, D..7.: Wenzel, J.T7.: and Kauffman, ND_A

i (19R0) . Viscosity temperature relationships at 1 ATM jn

the systeq Hiopside ancrthite. Carnegie Inst. Wrsh.

Yearb. 79, 315-318,

“rohrejber, H.D.: Laner, H.V.: and Thanyasiri, T. (1980 The

redox state of cerium in basaltic magmas: an
experimental.stuéy of iron-cerium intprartions in
sili~ate melts, Geochim. Cosmochim, Acta 44, 1599-1612.
Co*fo;t, F.E.; Mysen, B.0O.; and Virgo, D. (1°981), Structural
similarity of glasses and melts relevant to petrologiral
processes. Geochim. Cosmochim. Acta 45, 1879-1884.

Semkow, R.W.; Pizzo, R.A.; Haskin, T..A.: anAd Lindstrdh, n..J.

I



145

(1982). An electrochemical study of Ni**, Co?", and 7Zn?’

ions in melts of composition CaMgSi.0,. Geochim.

Cosmochim. Acta 46,1879 1880,

Sharma, S.K.: Virdo, D.; and Mysen, B.0O. (1Q78). Stiurture

of glasses and melts of Na,OxS350, (x=1, 2, 3)

i

Cémpoqitinn from Raman epectrvaeccnpy Carpegie 1net Wach

Yearb. 77, /49-6KR72.

Smart, R.M. and Glasger, F.P. (1078), §ilicate anjonie

constitution of lead silicate glasses and crystals.

Phvs. Chem. Glasses 19, 95 102.

“rith, D.G.W. and Gold, T.M. (1979). EDATA? a Fortran IV
cemputer program for processing wavelenath- and enerqy

dicpprsivc electron mirroprobe Aanalyses., Ppoc. 14t Apnr

Conf . Microrean Anal, S~ . (&agp Antonicr, 1X, 1070 (44

by D, Nawhuvy), 27 270 San Froanrisc Pressg.

RETE: nf, “’_R. anﬂ Whitg' WT.R

(19&0»_ anﬂv e f 'sodi\!m éi‘i"r""
3
glasces anA liquidg rv 'w epnc bty narApy Fliweg Ol
Glasses 10, 246 281,
"~kahashi, F. (1980). Melting relatinng ~f an alkali olivine
E hasalt to 30 Fbar, ard their bearing on-tﬁe origin of
£
W alkali basa't magmae. Carnegie Inst. Wasl. Yearhk Q.
% ‘ 27 1-276.
? v
? Tarte, F. (1962). Rtude infta~-rouge des nrthosilicatec et »
B
2 des ~rthogermanates IT. Structures du typr ~livine at

montirellite. Spectrachim. Acta 19, 725 a7,
Taylor, M. an@ Rrown, G.E. (1979). Structure r~f mineral

glasgses T Tha feldapar qlaseec Mapl€i.00, . WAIQ] .o

’



-ty

1-

and CaAl,Si,0,. Genchim. Cosmochim. Acta 43,{ 7.

’

Thernber ,C.R.; Roeder, P.T..; and Foster, J.R. (] ). The

effect of compositi-n on the ferric -ferrous f%%io in

,-~' ) . 4 -_?.\\ .
basaltic liquids at atmespherit preasure "Geenim.
Coemorhim. Acta 44, 527-532.

'rvere, H. and Chipman, 7. (1987). Niffiginn oﬁlcélgiUﬁ and
¢ g P

. e
silJicon in a lime-aluminn ailica alaq. T ®mne fﬁﬁﬁ'zé-f::

S

769-773. S

Tran, T. and Rrunas, M.T. (1980a) . App{irarions of oxygen
electrodes in glass melts. Part 1. Oxygen rrference
ele~trode, Phys. Chem. Glassec 21, 133 140,

A, T, and Bruyngs, M. T (1980Kh) ”p;‘“i(‘arinv\: ~f ~wyqge
ele~trodes in alass melts. Fart 2. Oxyoen prabec frv  he
meaeanrement ~f Ayxyyyen pf\rp-»fial Iin geodiem AT 1y .

I

qlaes. Bin-~ Chem Rlacge~ 21, 178 183,
Y vewy, T AL and Waff, 1.6 (10R7) . Flertrirmnal
renduckicity Af medten hasalt and andegite Fo 26
Filobharg pre-surec: Cenp’v&'ciﬁal eimificance anAd
implicationag fry rharge transpnrd and melt ab v by - o
Geornin =, Res. ., (In preds).
" ff  J1.Q. (197‘2\. Prpsc\vvrp irAnceAd Feanrdinat ian ~hanne~ inp
magmatic ligquide. Geeplhys Res, [eft! 2, 103 196,

’

Detann, BBy (1070) Caleiupm diffusian in a ~imple gilicnate
:3 ~
melt - 2N &?ar, Gecchim. Crem~him. Aétr 42, 13 929
st an, K. R (19R 1) . Diffueinn in maqg - as gt depth i+ the

earthes the offaertg o~f proccnr? ol Ml aged nd 1o o~ {1

] Anet G i Jedd l:’g, XA T IS FAN]



¢
Wabtean, B, R. and Render JLFL. (10R0)Y Niffuginn of Cesimr,
Samarium, Strontivm, and Chlerine in molten gilit o0 .o
high temprratures and pres~iies. Gee!. v Apm
Abectrac te with Frograme 12 | pR4s,
Uatgan, R. R, Qv\oariy\éo}, M_+» and Ross. A. (1002)
&
Niffusion of Jdissnlved ra bhenats Iin madrage Txper i ot

resulte and appli-ationn  Fait/ T aned LV Fent o "

Fress),

5

Weill, DLUF.: Hen, P.M.: and Navreteky, A. (1QRQ). Th-

igneous syetem CaMgSi,". CaA).Si,0, Narici

Variationg on a classi: theme hy Bowes Trn. Phyeice rf

!

Maomat&f Frocesses (fd D Nargqrncee R LRI A
;j,». Prinece! or, NI,
hellandr, BoF . (19R0) . Ovyger Aiffuseic 19 heoealt ae?
andesi'e melte. 7P3HQ,MAW Gerphy e Vivjor vOg 61 a2
i’

Uh it paker ) \"‘,W., Aan Muntyg, R. (1970) Topyie radii for oo

.

in qecchemistry. Geochim. Coemechim, Acia T4 Q45 ary
e
Milern ALD, (1060). The ﬁifrﬁﬂ“f°fmi”3*;”” f ferrour iy
in qi]i“a;e minerale by a vﬁnumprvia Ay Yoy tee b s
methr~, 4"77Y¢; 85, 723 R?7,
nénfholl, F. (1969)% The compen~ation Jow fay Afffan:

silicteor  ['gh Temrerat e Seien e 1, 200 21+

HER hell ©. ~nAg Neraan, 1 11 (106Q) A ctnly Al he

AifFf ainn ~f radi-active nurlidee in m-~ltrten eilirr an =
}wjgh femperaturee, v Iliqlv 1T empre Atrire Teaelire] on A
I T rte national Symy a3 v Agil-—~ny TR 470 409

Ty n N I DO I T 14 Ci1myan LB TP ,-Wm‘gl- Verr Ymmdb y o o f



By

T TR e b

T

T

P

AT

1O

R Rt

metsl-oxygen hridge system~. Inorg Chem. 8. 871 A1

“Torrell, C.A. and Henshall, v. (1978) . Vibratimnal

spectroscaric gtulies of come lead cilicate glacee-~

Neo Cryvst Selide 20, 283 299,

on, W. and Canper, AR, (198"), “wygen “i¢furion in
m\_"'if‘f"'r“"\w”f- g]nz:g

' : ’M' -
I

)

T . .

4 (e o

RS



