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Abstract

The temperature-viscosity relationships of melts in the system CaO-SiOr-Fe-O have been

determined and their values compared with those of similar melt composition with Al3+

rather than Fe3 * in substitution for Si4 *. The viscosities of iron-bearing melts range between

5 and 15 poise at superliquidus temperatures, and their activation energies of viscous flow

between 8 and 50 kcaVmoli as a function of Ca/Si, iron content and temperature (in the range

1400-1600"C). Compared with iron-free melts, the melts show a distinct viscosity increase as 5

wt.% Fe2O3 is added. Additional ferric iron results in a reversal of this trend' The activation

.n..gy oi viscous flow decreases with increasing ferric iron content at constant temperature

and with increasing temperature at constant iron content. In contrast, published viscosity

data of melts in th" ,y.i"- CaO-AlrO.-SiO, show a continuous viscosity increase with

increasing AlrO, content. These melts exhibit Arrhenian behavior at superliquidus temper-

atures.
From s?Fe Miissbauer and Raman spectroscopy of the melt compositions it is concluded

that Fe3+ and Al3* are in tetrahedral coordination in all melts. The Al/(Al + Si) of structural

units in the melts is positively correlated with that of the bulk system, whereas for the

iron-Ueariig 1n"t,r, f"i*1Fe3i + Si) does not vary with changes in bulk melt-Fe3*/(Fe3*

+ Si). Rather, the relative abundance of iron-bearing structural units is positively correlated

with'Fe3*/(Fe3* + Si; of the bulk melt. It is suggested that the differences in viscous behavior

of ferric- and aluminum-bearing silicate melts;;sults from these different structural roles of

Fe3+ and Al3+.

Introduction 1968)' AV(AI + Si) (e'e'' Riebling' 1964' 1966; Rossin et al''

L964i and the type of network-modifying cations (Bockris

A description of the relationships between viscous flow et al'' 1955)'

of silicate melts and their bulk compositions at different The iron content may affect the melt viscosity signifi-

temperatures and pressures is necessary to the understand-
ing of the mechanisms of magma generation, ascent and
emplacement. The viscosities of natural magmatic liquids
range over several orders of magnitude. Available data
show, for example, that the viscosity of simple silicate melts
depends on their degree of polymerizationl (e.g., Lary,

t O"g* 
"f 

polymerization can be calculated from the bulk

composition of a melt provided that there are structural data

available with which the tetrahedrally coordinated cations (T cat-

ions) can be assigned. Moreover, it must be established whether or

not free oxygens 1Oz- in the sense ofToop and Samis, 1962) exist
in the melts. By free oxygen is meant an 02- that is bonded only
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Olesch, 1977; Nolet et al., 1979; Mysen et al., l9g0), ferric
iron may occur both as a network former and as a network

In view ofthese considerations, a study was conducted of
the viscous behavior and melt structuri in simple silicate
melts in the system CaO-SiOr-Fe-O. The results were
compared with available viscosity and new melt structural
data in the system CaO-AlrO.-SiO, in order to compare
the effects of Fe3+ and Al3+. This system was chosen be_

bearing liquids may be established.

Experimental methods

to plyal magmatic liquids occurs eirher as nonbridging (NBO)
or bridging (BO) with no evidence for free oxygen. Tlie degree of
polymerization of a melt can then be calculated from the atomic
proportions derived from a bulk chemical analysis:

NBofr: (20 _ 4\F : @nMi+)/r, (l)

where O and T are the atomic proportions of oxygen and tetra_
hedrally coordinated cations, and EnMf + is the suir of network_
mgdifVrne cations multiplied by their elictric charge. This sum is
calculated after subtraction of metal cations necessly for charge_
balance ofT cations such as Al3* or Fe3+.

Table 1. Nominal compositions (wt.%) of starting materials

wL25F5 wL25Ft 0 sw40F5 SW40F1 0

si02
Ca0-
F"zo3

NBO/T*

{5 ,  01
4 9 . 9 9

5 .  00

2 . 1 1

42.6\
+  I  .  J O

1 0 , 0 0

1  . 8 3

57 . \ 6
37 .54
5 .  00

t . 1 )

5 4 .  4 3
? R  E 7

1 0 , 0 0

1 . 0 8

wL2545 t{L25A1 0 sl'I40F1 0

si02
Ca0-
Alzo3

NBO/TI

45 .  01
4 9 . 9 9

? . 9 U

1  . 9 9

\ 2 . 6 4
9  t .  J O

1 0 . 0 0

r  .  o t

57 . \ 6
37 .5q
5 .  00

1 . 1 8

5 4 .  4 3
35.57
1 0 . 0 0

o . 9 7

sh,?0

si  02

NB0/Si

47 .37
) 1 . O 7 44 .25

1 . 7 0

6 0 . 4 8

1 . 4 0

6 8 .  1 8
31  . 82

1 . 0 0

- i ca ]c l la ted  
unger  the  assunpt ion  lha t  a I1  l ron  ls  Fe3* ,

ano !eJ  and A lJ  a re  in  te t rahedra l  coord lna t ton ,  The
Cals l  o f  these mel ts  i s  sna l le r  than tha t  fo r
s tab l l j . za t ion  o f  fnee oxygen (Mysen e !  a I . ,  19g2a) ,

The methods of acquisition and analysis of Mcissbauer data are

Thus, the redox data obtained with the two methods are in accord
within the combined analytical uncertainty.

The Raman spectra were obtained with I watt of the 514_nm
line of an Ar+ ion laser with the automated Raman spectrometer
system described by Mysen et al. (1982b) and Seifert et al. (19E2).
As discussed in detail with several numerical examples in those
two papers, the curve-ftting is done on a completely statistical
basis. Those and other results (e.g., Mysen et ai., l9C2a; Mysen
and Virgo, 1984) show that Raman spectra of silicate quenched
melts are best fitted with Gaussian lines, whereas the Mtissbauer
spectra were fitted to Lorentzian lines (see Mysen et al., 19g4,
1985b) and Virgo and Mysen, 1984, for discussion). The number of
lines, as well as their position (frequency), intensity and halfwidth
of each line are unconstrained (independent) variables in the fif
ting routine. The minimization routine of the least-squares (identi_
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001  *
002*
004  *
0 1  0 i
FeAbr
MV78t

Table 2. Comparison of Fe3 *pFe determined by wet-chemical

and Mcissbauer spectroscopic methods

SampIe Vlet, chemistry Mbssbauer  spec t roscopy

compositions (see Rossin et al., 1964).In the case of Fe2Or,

there is an initial viscosity increase with up to 5 wt'% ferric

oxide added. Additional Fe2O3 results in a viscosity de-

crease (Fig. 1) although the values remain higher than the

iron-free endmember within the FerOr-range studied' It is

also notable that the relative viscosity increase resulting

from addition of Fe2O3 is greater for the least polymerized

melt (WL25). Moreover, when recalculated on an atomic

basis using the measured Fe3+BFe-values in Table 3 fthe
Fe3*/(Fe3* + Si) of wL25Fl0 is approximately equal to

the Al/(Al + Si) of WL25A5I, solution of ferric iron results

in a more rapid increase in viscosity than does aluminum'

0 . 8 0  r  0 . 0 5
0 . 8 8  r  0 . 0 5
0 . 6 0  r  0 . 0 4
0 , 8 9  t  0 . 0 5
0 . 7 5  r  0 , 0 5
0 . 6 8  1  0 . 0 4

0 . 8 6  t  0 . 0 4
0 . 9 6  I  0 . 0 5
n  A q  t  n  n ?

0 . 9 6  i  0 . 0 5
0 . 8 2  J  0 . 0 4
0 . 7 1  i  0 , 0 4

* S m p l e  p p o v i d e d  b y  D r .  I .  S ,  E ,  C a r m l c h a e l '
Un ivers i . t . y  o f  Ca l i fonn ia ,  Benke ley .  Redox da ta  a re  f rom
M o  e t  a I .  ( 1 9 8 2 )  a n d  C a r m i c h a e l  ( p e n s o n a l

conmunica l ion ,  1983) .  Uncepta inby  in  wet -chemica l
ana lyses  as  quoted  by  sack  e t  a l .  (1980) ,  For  bu lk
c h e r n i c a l  a n a l y s e s ,  s e e  T a b l e  1  o f  M o  e t  a I .  ( 1 9 8 2 ) .

tF ron  Mysen and v l rgo  (1978) .  Bu lk  c6p6Ef t ion  (uy

w e l g h !  )  :  A n 4 6 F o , |  
6 . ,  

( S i 0 2 )  
2 9 .  7  

(  F e a o ,  )  g .  1  
( 0 s b o r n ,

persona l  communlca l ion ,  1977 i  as  quo led  by  Mysen and
V i r g o ,  1 9 7 8 ) .

cal for both the Mtissbauer and Raman data) is based on the
methods described by Davidone (1959), Powell and Fletcher
(1963) and Powell (1964a,b). The fits result in a minimum 1z-value
and a maximum in residual distribution. The results of the fitting
routine are, therefore, completely independent of any structural
model or preconceived interpretation of the spectra.

The melt viscosities were measured with a concentric cylinder
viscometer. The experimental design is identical with that de-

scribed by Scarfe et al. (1983). The viscometer was calibrated with
National Bureau of Standards lead silicate glass NBS 711. The
viscosities are accurate to t5oh and precise to +Io/o. Measure-
ments were taken at 50"C intervals after stabilization times of I hr
at each point. The measurements were routinely performed during
cooling from 1600'C, but some data were also obtained by heat-
ing from lower temperatures. No measurable differences were ob-
served in the viscosities determined along these two thermal paths.

The viscosities were independent of rotational speed of the inner
cylinder, a result indicating Newtonian behavior of the liquids.

Similar conclusions have been reported for most silicate melts of
geological interest at temperatures above their liquidi (e.g.' Shaw'
1969; Murase and McBirney, 1973; Scarfe, 1973, 1977\. All experi-
m€nts were conducted in equilibrium with air.

Results

V isc o sit y me asur ement s

Viscosity-temperature-composition relations are shown
in Figure 1 and Table 3. These data are compared with
those for aluminous analogues reported by Rossin et al.
(1964). All viscosities discussed here are for melts at tem-
p€ratures above their liquidi (Osborn and Muan, 1960a'b).

Distinct differences in the viscous behavior of the alumi-
nous and ferric-bearing samples were observed (Fig. 1). Ad-
dition of either AlrOr or Fe2O3 to calcium silicate melts
results in a viscosity increase relative to the viscosities of
the endmember compositions (WL25 and SW40)' For
Al2O3, the viscosity increases continuously until
CaOlAlrOs:0.5 (molar ratio) for both SW40 and WL25

7wL2saro

// /nuuo'
/ r /

, / /

/r,

Temparaturc, oC

15m
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16

.? o.s

r 0 3
o

8 s
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os o:s

t|r x 104(K'r)

Fig. 1. Temperature-viscosity data of compositions WL25F5'

WL25F10. SW40F5 and SWzt0FlO in the superliquidus temper-

ature regions. Dashed lines labeled WL25A5, WL25A10' SW'1045

and SW40A10 represent viscosity-temperature relations from the

analogous aluminous system (data from Rossin et al', 1964)'

Short-dash lines labeled Fulcher (F5) and Fulcher (F10) are for the

least-squares-ttted Fulcher equation (Fulcher, 1925) fitted to the

Sw40F5 and SW,|0F10 viscosity data. All liquids were equilibrat'

ed with air.
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sw40F1 0 1 500
sH40Fl 0 1550
sultoFt 0 I 5oO
3lr40Fl 0 1 450
sw4oFl  0  1  4oo
sfl40F5 1 600
sw{0F5 1 550
sw40F5 1 5oO
sw40F5 | 450
swlloF5 1 4OO
lrL25F1 0 1 600
wL25F1 0 1 550
!rL25F1 0 1 500
wL25F5 I 600
tL25F5 1550
llL25F5 1 5OO

1 . 2 4  0 . 8 3 1
1 . 2 3  0 . 8 7 3
1 . 2 0  0 , 9 3 5
l . r 9  1 . 0 1 7
1 . 1 6  1 . 1 2 9
1 . 3 2  0 , 8 7 5
1  . 3 2  0 . 9 3 3
1 .29  I  .009
1 . 2 8  1 , 1 1 5
1 .28  1  .248
2.03  0 .707
r . 9 9  0 . ' t 2 7
r . 9 5  0 . 7 5 \
2 . 2 \  0 . 7 2 5
2 . 2 3  0 . 7 4 7
2 . 1 8  0 . 7 8 1

Table 3. Miissbauer spectroscopic and viscosity data

cmpostLlon 
l:to' ,="t"'*r.- -== Fe3*,rrFe Noozrt rog qoC ISr QSr IS Os

spectra of quenched melts from the viscosity experiments
are shown in Table 3. The Mcissbauer spectra of all sam_

those commonly observed for crystalline and glassy materi-
als with tetrahedrally coordinateil ferric iron and octa_
hedrally coordinated ferrous iron (e.g., Hafner and Hucken_
holz, l97l: Annersten, 1976; Annersten and Halenius,
1976; Amthauer et al., 1977; Waychunas and Rossman,
1983; Mao et al., 1973; Nolet et al., 1979; Mysen and
Virgo, 1983; Mysen et al., 1984) in all iron-bearing melts
for which the viscosities were measured.

Additional information on the structural positions of
Fe3* as well as Al3+ in the WL25A5, WL25Ai0. SW40A5
and SW40F10 quenched melts may be obtained from their
Raman spectra (Fig. 3). Because the distribution of ferric
iron and aluminum between coexisting units in the melts
may vary with temperature (Mysen et al., l9g5a), all sam_
ples were quenched at the same rate (500oc/sec) from the

0 . 3 2 2  1 . 1 2 6  1 . 0 3 1  1  , 9 8 2  0 . 6 6
0 . 3 1 9  1 . 1 6 1  1 . 0 2 7  1 , 8 5 2  0 . 6 8
0 . 3 1 2  1 . 1 5 6  1 . 0 5 1  1  . 9 7 5  0 . 7 3
0 . 3 1 5  r . 1 6 4  1 . O \ 5  1 , 9 2 1  0 . 7 5
0 . 3 1 3  L 1 5 5  l . o 3 o  1 . 9 5 7  0 . 8 2
0,330 I  .1  52  1  .O27 1  .952 0 .56
0 . 3 3 0  1 , 1 3 8  1 . 0 2 ?  1 . 9 5 8  0 , 5 8
0 . 3 1 8  1 . 1 1 0  1 . 0 0 4  1 . 9 3 7  0 , 6 7
0 . 3 5 6  1 , 0 9 7  l . o 5 o  r . 9 2 8  0 . 7 2
0 . 3 2 6  1 .  I  t 5  1 . 1 9 5  2 . O ? g  o . 7 o
0 . 3 0 6  r . 1 9 ?  0 . 9 9 5  2 , 0 2 5  0 . 7 9
0 . 3 3 1  1 , 2 0 5  L O r l l  1 , 9 8 ?  0 . 8 5
0 . 3 2 8  1 . r 9 2  1 . 0 3 2  2 , 0 0 6  0 . 8 9
0 . 3 r E  1 . 1 9 2  1 . 0 1 1  2 . 0 5 8  0 . 6 9
0 . 3 2 9  1 , 1 7 2  1 . 0 2 2  1 . 9 9 5  0 . 7 3
0.293 1 .208 0 ,970 2 .005 0 .85

*Isone. shtf t  ancl  quactrupole spLttLlng (m/sec).  Isoner shl f ts arer e r a t l y e  t o  F e  n e t a l .
+ C a l c u l a t e d  a s  l n d l c a t e d  i n  f o o L n o l e  1  i n  t e x t .

155OoC, fo, - lQ-0.6t

swloF10 WL25F1O

Veleity, mm/tac
Volocity, mm/$c

g
q
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E
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E
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t

a
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r Fc2+ ,

Fig' 2' Representative sTFe Miissbauer resonant sp€ctra oftwo ofthc samples used for viscosity measurcnrents (sp€ctra at 29g K).
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ws 
gvilt

r''tr6-t

Fig. 3a. Unpolarized, temperature and frequency normalized Raman spectra of depolymerized melts quenched from 1550"C'

491

a proportion of ferrous iron as shown in Table 3 for sam-
ples quenched from 1550'C after equilibration with air.

The addition of tetrahedrally coordinated Fe3*

[Fe3+0v)] or Al3+ [Al3*(ry)] to the calcium silicate melts
results in polymerization (see Tables I and 3). In the most
extreme cases, WL25A10 and SW,|0A10 have NBOI
about 1.65 and 1.0, whereas for the Al-free melts the respec-
tive NBOI values are 2.38 and 1.4 (Table 1). In order to
compare the effect on the Raman spectra of such changes

in melt polymerization resulting from Al3*, Fe3* or Sia*,
spectra of two additional quenched melts on the join

CaO-SiO, have been included [CS2 has NBO/Si: 1.0
and SW70 has NBO/Si : 1.7 (from Mysen et al-,1982a)1.

The Raman spectra of quenched melts of both WL25
and SW70 contain essentially the same bands (Fig. 3A).
Only their relative proportions differ (Tabb 4). As interpre-
ted by, for example, Verweij (l979ub), Furukawa et al.
(1981), Mysen et al. (198?a\, Domine and Piriou (1983) and

lA
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sLo 
c$!

Fig' 3b. Unpolarized, temperature and frequency normalized Raman spectra of polymerized melts
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quenched from 1550'C.

McMillan and Piriou (1983), the g6G,crr-1 band results
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vL25
wt 25F5
|lrl25F1 0
l{L25A5
brl25A1 0
sfl?0
strll0
s1140F5
sl, | l t0F10
slIlr0A5
s}l40A1 0

Table 4. Relative proportions (%) of Si-O [and Fe3*(IV)-O]
stretch bands in Raman spectra ofmelts quenched from 1550'C

cmposlt lon NBo€r 860/tA+ 960/LA 1070/ta 1130/ la 900/tA

960-cm-1 band (SiOl-) has decreased and that of the
860-cm-r band (SiOl-) has increased together with the

appearance of a new band near 1130 cm-r (SiOr). The
relatively poor statistical quality of the spectrum of
quenched WL25F10 melt precludes such detailed curve-
fitting.

In the aluminous WL25 samples (Fig. 3A), 5 wt.% Al2O3
results in a significant intensity increase in the 960-crn-1
band (SiO]-), a small increase in the 1070-cm-1 band
(SirO3-) and significant lowering of the relative intensities
of the 860- (SiOX-) and 900-cm-1 (Sirot-) bands (Table

4). No evidence for an 1130-cm-1 band (SiO2 units) was
observed. These relative changes are consistent with an
overall decrease in NBOA of these melts as 5 wt.% AlrOt
is added. Additional AlrO. is accompanied by further in-
tensity increases of the bands due to SiOl-, Si2Ol- and
SiO, units together with a lowering of the frequencies of
the 1070- and 960-cm-1 bands (to 1055 and 950 crn-l'
respectively) as well as a reduction in frequency of the
1030-cm-1 band (to about 1010 cm-l)' These frequency
changes are responsible for the overall topological differ-
ences between the spectra of WL25A10 and SW70 (similar

NBOru but different types of T cations) (Fig. 3A).
Analogous spectroscopic changes occur by the addition

of FerO. and AlrO, to SW40 melt (Fig. 38; Table 4).

The addition of FerO. results in stabilization of

Fe3*(IVtoxygen tetrahedral units (900- and 98Gcm-1
bands; see also Fox et al., 1982; Virgo et al', 1982; Mysen
et al., 1984) with no indication that the Si-O stretch fre-
quencies, only the relative intensities, respond to increasing
iron content. With analogous proportions of AlrO. added
to SW40 melt, both the relative intensities and the fre-
quencies of the Si-O stretch bands change'

The present data as well as published spectroscopic and
other data are consistent with tetrahedrally coordinated
Fe3+ and Al3* in these melts (see, for example, Taylor and
Brown, L919a,b; Mysen et al., 1981, 1982a,c, 1985a; Fox et
al., 1982; Furukawa et al., 1981; Virgo et al., L982, 1983;
Seifert et al., 1982; Navrotsky et al., 1982; McMillan et al.,
1982). The increased relative intensities, indicating in-
creases in SiOl-, SirO?- and SiO, relative abundances in

the melts, are consistent with the decrease in bulk melt
NBOA as FerO. or AlrO3 is added. The frequency de-
creases with increasing Als+ indicate that Al3+ is substitu-
ted for Sia* in the structural units (as also concluded by
Seifert et al., 1982 and Mysen et al., 1982c, 1985a' for com-
positionally related melts). In those studies (all of which
employed statistical curve-fitting methods similar to that
used here), it was found that Raman frequencies due to
stretch vibrations of T-O bonds (T : Si,Al) decrease as a
systematic function of increasirlg AV(AI + Si) of TOr'
TrO?- and TO]- structural units. An alternative spec-
troscopic interpretation (McMillan et al., 1982) rests on the
a priori assumption that the Al3* in Al-O-Si bridges spec-
troscopically can be considered similar to network-
modifying cations such as alkalies or alkaline earths. The
Raman data of McMillan et al. (1982\ were deconvoluted
(with no description of deconvolution method) to be con-

2 . 3 8
2 . 2 3
1 . 9 9
1  . 9 8
1 . 6 1 r
1 . 7 0
I  . 4 0

1  . 2 3
1 . 1 8
0.9 ' l
1  .00

33
? q
2 8
28
1 8
1 7
l 1

2
1 l l

3
5
ll

6 6  1

6 5  1 7
5 0  1 7
6f l  22
9 0 6
6 2 8
6 1  2 9
q 4  3 9
q q  q 4

2
n . d . 5

6 .  q +

3 6 . 8 1
2
1
2

54+
231 l l

1 4
3
2

1 6
7

I

rNonbridglng oxygen pel tetrahe-dral '1y coordlnated cat lons

calculated wlLh both AIJ* and FeJ'  in teLaahedral  coordlnat ion wlth

Pe3' l tFe fron Tabfe 3.
i tA ts the sun of the areas of s1-0 slreLch bands. In 1ro9-free

s a n ; I e s ,  ! h i s  a r e a  a l s o  i n c l u d e s  S t - q -  s l r e t c h l n g  i n  S i 2 o ? o -  u n l t s .

* 9 O O  c m - l  c o n s l d e r g d  d u e  t o  o n l y  F e J - ( I V ) - 0  s L r e L c h i n s ;  '

q l . Iot  deternlned, tr t  lh ls cmpost l ion oaga balance requires at leasl

one slructural .  unl t  uleh NBo/T Z 2. Very IoH scattealng eff ic lency

of this smple resultecl ,  houever,  1n a spectr@ vhose slal lst lcal
qualt ty did not warrant inclusion of bands thaL may slem frm such

s t r u c L u r a l  u n i t s '
l l t n c r u c e s  b o t h  9 o o -  a n d  9 8 0 - c n - 1  b a n d s  f r m  F e 3 * ( r v ) - o  s t r e t c h

oanos.

pyrosilicate (Sirot-; NBO/Si:3) the value is near 700
cm-r (Lazarev, t972; Tarte et al., 1973\. These frequencies
are in good agreement with those found here (Fig. 3).

The relative intensities of Raman bands from similar vi-
brations reflect the relative proportions of the anionic units
in the melts. Decreasing NBO/Si (or CalSi) in melts along
the join CaO-SiO, results in decreasing relative abundance
of SiOX- and SirO!- units (Table 4) coupled with an ini-
tial increase of SiOl- and finally SirO3- and SiO2 units
(see also the spectra of SW40 and CS2; Fig. 3B and Table 4
and Mysen et al.,1982a: Fig. 10).

The addition of tetrahedrally coordinated ferric iron
(with a concomitant increase in melt polymerization; Table
3) is reflected in a new band near 900 crn 

- I in the spectra
of SW,|0F5 and SW40F10 quenched melts, and a signifi-
cant intensity increase in the band near 900 cm-l in the
spectra of WL25F5 and WL25F10 quenched melts. No
intensity increase is observed near 700 cm-r in the spectra
of WL25F5 and WL25F10 quenched melts compared with
that of iron-free WL25. The frequencies of the Si-O stretch
bands seem unaffected. In composition SW40F10 (Fig. 3B),
an additional band has appeared near 980 crn-1. both the
900- and 980-cm- 1 bands are interpreted as due to F{IVF
O stretching (Fox et al., 1982; Mysen et al., 1980; Virgo et
al., 1982), although in these spectra the 900-crn-1 band
cannot be distinguished from that of Si-O- stretching in
Si2Ot- units. The absence of an intensity increase near 700
cm- 1 in iron-bearing WL25 and the complete absence of a
700 cm-l band in the spectra of iron-bearing SW40 sam-
ples [which would result from Si-O-Si bending or mixed
bending and stretching in SizO9- unitsl leads to the con-
clusion that the increased 90Gcrn-1 intensity is primarily
due to Fe3*(IVFO stretching and not to Si-O- stretching
in SirOf 

- units. In addition to these changes, in the spec-
trum of quenched WL25F5 melt the intensity of the
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sistent with this concept. This interpretation of the Raman
spectra is, however, inconsistent with the observations from
direct comparison of Raman spectra of alkali and alkaline
earth silicate melts with those of aluminosilicate melts with
tetrahedrally-coordinated Al3* (see also Mysen et al.,
1982a, Figs. 4-8 and 11, and Mysen et al., l9g5a, Fig. 5, for
comparison of relevant spectra of aluminosilicate and
alkali and alkaline earth silicate melt spectra). It is also
inconsistent with results from molecular orbital calcula_
tions (see Mysen et al., 1985a, for detailed discussion). The
systematic and continuous frequency decrease with a
continuous increase in Al/(Al + Si) is, however, consistent
with a systematic decrease in the force-constants for
stretching of T-O bonds in aluminosilicate melts (Seifert et
al.,1982). The absence offrequency adjustments as Fe3* is
added leads to the conclusion that this cation forms sepa_
rate oxygen complexes (Virgo et al., l9g2). The formation
of such. Fe3+(IV) complexes results in an increased poly_
merization of the silicate portion of these melts. In grn.r"t,
solution of Fe3*(IV) results in a broader distribution of
units with diferent NBO/Si than is the case for the alumi-
nous analogues.

Discussion
The temperature-viscosity relations at superliquidus

temperatures exhibit a distinct curvature oflog 4 vs. l[ at
least for the most polymerized iron-bearing melts (Fig. l).
For the depolymerized compositions (WL2SF5 and
WL25F10), the data may indicate a very slight curvature,
but this deviation from linearity is within the S%o relative
uncertainty in the viscosity measurements. Thus, a simple
Arrhenius equation,

log 4 : log 4o * Ett/RT, (2)

where R is the gas constant and log 4o is a constant, may
be fitted to the data. Similar expressions hold for all the
aluminous analogues (Rossin et al., 19641. For the melt
compositions SW,|0F5 and SWzt0FlO, on the other hand.
higher order polynomials are required to fit the data. A
polynomial of the form

los4 :a+b (a lT )+qUD2 (3 )

can be used to fit the data within 0.002 log unit. The Ful_
cher equation, log 4 : log fo + AlB|f - {,) (Fulcher,
1925), commonly used to reproduce nonlinear viscosity_
temperature relationships of silicate glasses and melts (see
Richet, 1984), results in a fit that reproduces the data
within 0.01-{.02 log unit and yields a negative value for ?i.
This result may be at least partly due to the relatively
narrow temperature range of the viscosity data. The devi_
ations are particularly significant at the lowest and highest
temperatures. The dot-dash curves in Figure 1 represenr
the least-squares-fitted Fulcher equation. In the current
study, equation (3) is used, with the least_squares_fitted co_
efficients given in Table j.

Differentiation of equation (3) with respect ro 1/T yields

Table. 5. Regression coeffrcients for the expression
togq :a+Vr /T )+q r /n2

Conpos i t ion  a  b  c

s w 4 o F r o  o . r r 3 z ,  t o 2
Sl l l lOF5 O.1Of8  x  192
wL25Fr  0  -0 .2701
wL25F5 -0 .121 4
R 5 6 *  o . t g s g  ,  t o 2

-0 , \223 '  1O5 0 .4247 '  109- 0 . : S l t  '  r o l  o . 3 8 9 r r ,  t o 8
0 . 1 8 6 0  x  l 0 q
0 . 1 5 5 0  '  1 0 4

- 0 . 6 6 2 4 ,  r o 5  0 . 5 6 9 6 ,  1 0 8

rData  f rom Rontgen e t  a t ,  (1960)

an expression for the temperature dependence of the ac_
tivation energy of viscous flow:

Eq :2.3o3Rlb + zqV7],f, (4)
where R is the gas constant and the coeflicients b and c are
from Table 5. Thus, the activation energy ofviscous flow of
iron-bearing SW40 melts in the superliquidus temperature
region is a linear function of l/f (absolute temperature).
Qualitatively similar viscous behavior has been observed in
the system CaO-FeO-SiO, (Rontgen et al., 1956, 1960)
and in several alkaline earth-bearing silicate melts (Scarfe
et al., 1983; Richet, 1984).

The distinct temperature dependence of Eq ior SWzt0F5
and SW40F10 melts in the superliquidus temperature
range differs from that of the SW40A5 and SW40A10 melts
(Rossin et al., 1964) in the same temperature range (Figs. I
and 4). This observation may be the result of at least three
diflerent melt structural factors. (l) The absolute con-
centrations of ferric and ferrous iron in the melts are tem-
perature dependent. The unusual viscous behavior may be
directly related to the abundance of Fe3*- and
Fe2+-bearing structural units in the melt. (2) The
Fe3*BFe affects the overall bulk melt polymerization
(NBOru). The E4 depends on the same factor. The
Fe3+pFe decreases with increasing temperature thus re-
sulting in increasing NBO/I. This relationship may possi-
bly explain the decreasing E4 with increasing temperature.
(3) The configurational entropy of the melts may depend
on the relative proportions of structural units in the melt,
where the configurational entropy can be related to ac-
tivation energy of viscous flow (Richet, 1984). These rela-
tive proportions depend on Fe3+/EFe and temperature.
Therefore, the configurational entropy is temperature- and
Fe3*BFe-dependent. These possibilities will be evaluated
in turn.

It is possible that the increased concentration of Fe2+
and the decrease in Fe3* content with increasing temper-
ature may explain the temperature dependence of the vis-
cosity and activation energy ofviscous flow ofiron-bearing
SW40 melts. This latter suggestion is unlikely, howevei,
because at constant temperature the Eq of SW,OFl0 melt
is lower than that of SW40F5 melt (Fig. 4) even though the
ferric iron content in SW40FI0 melt is greater than that of
SW40F5 melt (Table 3). For melts in the svstem
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dependent of temperature. This is not so for SW40F10 and
SW,I0F5 melts even though the relative change in the
degree of polymerization (NBO/T) resulting from the
temperature-dependent Fe3*pFe is nearly the same for all
the melts (Table 3).

For the melt studied here, it appears, therefore, that an
Fe3*pFe-based mechanism is insuffrcient to explain the
magnitude of the temperature-dependent E4 (see Fig. 5).
Furthermore, such a mechanism does not explain the ob-
servation that in the concentration range between 5 and 10
wt.oh Fe2O, added to the melts, both E4 and 4 decrease.
As a result of this increased FerO3 content, the Fe3+/EFe
increases (at the same temperature) as does the absolute
Fe3+-content thus resulting in a lowering of NBOI of the
melt (Table 3). It would be likely that if this were the
explanation of the relationship between iron content and
viscosity, the viscosity should increase in this iron con-
centration range (as observed, for example, for added
AlrO3; Rossin et al., L964), but it does not.

The unusual viscous behavior of iron-bearing melts and
the apparent contrast in this behavior between Fe3+ and
Al3*-bearing liquids may be, at least partly, understood in
terms of the configurational entropy theory of Adam and
Gibbs (1965) and Richet (1984) in conjunction with the
data on melt structure inferred from Figures 2 and 3. Ac-
cording to this theory, the principal expression to relate
configurational entropy to the viscosity of silicate melts is
(Richet, 1984)

log 4 : log 4s * Be/TS"oo1, (5)

0 5 1 0 1 5
wr % R2o3

Fig. 4. Activation energies of viscous flow as a function of
RrO. (wt.%) added to samplc. For compositions SW40F5 and
SW.|0F10, activation energies are temperaturc dcpendcnt, and two
representative temperatures (lsm"C and 1600'C) are shown.

CaO-FeO-SiO, (Rontgen et al., 1960), the curvature in log
4 vs. llT is pronounced (see curve R56; Fig. 5) even though
these melts contain practically no Fe3 *.

Inasmuch as the bulk NBO/I of the iron-bearing melts
is slightly temperature dependent (Fe3+pFe decreases and
thus NBOI increases, with increasing temperature; Table
3), one may suggest that the viscosity data fitted to equa-
tions (3) and (4) are related to the temperature-dependent
Fe3*pFe and, therefore, degree of polymerization of the
melts. Both E4 and 4 generally decrease in a given chemi-
cal system with increasing NBO/T (Lacy, 1968; see also
viscosity data on melts on binary metal oxide-silica joins;
Kozakevitch, 1960; Bockris and Lowe, 1954; Bockris et al.,
1955). The lines labeled *SW40F10", *SW40F5",

"WL25F10" and "WL25F5" represent activation energies
for viscosity of melts on the binary join CaO-SiO, with the
same NBO/Si values as those calculated for the iron-
bearing SW40 and WL25 melts at the same temperatures.
These calculated curves difler distinctly both in slope and
relative position from those derived experimentally (Fig. 5).
An Fe3*pFe-controlled behavior of Eq and 4 is also in-
consistent with the observation that for WL25F5 and
WL25FI0 melts the activation energies are practically in-

__.l4L2ji1o: _
'\e5F5"

wu6F6 \

wL5Ft0

il0F5

s40Fto

o
12@ 1S la@ lfi lm

TmF {w.,"C

Fig. 5. Temperature dependence of the activation energies of
viscous flow for compositions SW,|0F5 and SW'l0Fl0 calculated
from equation (4) and compared with that of composition R56
(NBO/T : 2.98; FeO :20 wt.%) from Rontgen et al', 1960) (com-
position 56 is their study). The activation energies of compositions
WL25F5 and WF25FI0 are independent of temperature in the
superliquidus temperature region (see text). Notations in quota'

tion marks represent activation energies calculated for CaO-SiO,
melts with the same NBO/[ as those resulting from the Fe3+pFe
at given temp€rature (see text for further discussion).

B = Al3+

tt" ' 'r '-

-- /
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where S"o,r is configurational entropy, ? is absolute tem-
perature, log 4o and Be are constants. The Be includes the
molar free hindrance energy and the configurational en-
tropy of the smallest cooperatively rearranging unit (Adam
and Gibbs, 1965). In equation (5), the ratio Be/S"on, can be
related to the activation energy as

E4 : RBe/,Sco"f. (6)

Thus, the changes in activation enegy may be discussed in
terms of the configurational entropy of the melts. This
term, in turn, may be at least partly related to the types
and proportions of coexisting anionic units, Xi, in the
melts, where a mixing term of the form S-k : -RXXrlnXi
contributes to the total conflgurational entropy. This term
varies with bulk composition at constant temperature (and
pressure) and with temperature (and pressure) at constant
bulk composition (Mysen et al., 1982a, 1984, 19g5a).
Changes in activation energy of viscous flow resulting from
variations in the EX,lnXi term may then be expressed as

(Eti ̂ lL@D, + @ti] : ( lLX,tnX ). llg lEX,tnX,),

+ (l/EX,lnX,)rl (7)

The relative intensities of the Raman bands in the high-
frequency envelopes of the Raman spectra (Fig. 3; Table 4)
are positively correlated with the relative abundance of the
corresponding anionic units and can be used to estimate
the relative abundances, X, (Seifert et al., l9g1; Mysen et
al., 1982a). These intensities do, however, depend on the
presence of tetrahedrally coordinated cations other than
Sio* in substitution for silicon. Thus, for Al-bearing melts
where the Raman data indicate that the Al/(Al + Si) of
each unit is a function of the All(Al + Si) of the melt
system, the proportions of the units cannot be obtained
with this method (see Mysen et al., l992c,l985a, for further
discussion of such problems). In the iron-bearing melts, on
the other hand, there is no evidence for a continuous
change in Fe3+/(Fe3* + S0 of the structural units as a
function of increasing Fe3+/(Fe3+ + Si) of the system.
Rather, tetrahedrally coordinated Fe3* occurs in separate
complexes which may or may not contain a fixed propor-
tion of Si**. Thus, even though the scattering efliciency of
individual Si-O- bonds in the quenched melts is somewhat
dependent on the type of unit (Seifert et al., 19,81), to a first
approximation, the relative Raman band intensities (Table
4) may be used to indicate the trend of relative proportions
of coexisting units as a function of iron content and tem-
perature. This trend may then be used to indicate the
changes in -RXXJnX,. Notably at 1550"C, the
E4swtontolr'rsw4oFlo * E4sw+ors, : 0.5g. The ratio for
the configurational entropy change [see equation (7)
abovel is 0.64. Thus, even with all these qualifying assump-
tions, the entropy ratio indicates a trend of E4 in the ap-
propriate direction (activation energy decreases with in-
creasing FerO, content). In fact, the absolute value is off
by only l5o/o. For the aluminous systems, the calculated
values of -RIX,lnX, for both the A5 and Al0 samples do

not vary significantly. The experimentally observed change
in activation energy is within l0% (Fig. a).

Data on melt structure of the compositions studied here
are not available for other temperatures, but information
from the system NarO-Al2O3-SiO2 indicates that X, (and,
therefore EX/nX,) is dependent on both temperature and
pressure (Mysen et al., 1985a). On the basis of the data in
Figures 4 and 5 it is suggested that the temperature depen-
dence of -REXlnX, is greater for iron-bearing than for
aluminum-bearing samples because the activation energies
of viscous flow of the iron-bearing samples are significantly
temperature dependent [see also equation (4)]. Fur-
thermore, one may conclude that -REX,lnX, is less tem-
perature dependent the more depolymerized the iron-
bearing calcium silicate melts. The configurational entropy
model appears, therefore, to relate melt structural data to
activation energies of viscous flow. Limitations in available
structural data preclude, however, a more detailed dis-
cussion at this time.
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