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Abstract-The
densities of 12 melts in the Na20-FeO-FezOrSi02 system have been determined in equilibrium with
air, in the temperature range of lOOO-15OO”C,using the double bob, Archimedean technique. Ferrous iron determinations
of 100-200 mg samples, “dip” quenched from high temperature, indicate that all the melts investigated were highly
oxidixed under these experimental conditions. “Fe Massbatter spectra of glasses obtained by drop quenching 80 mg
melt samples from loop equilibration runs yield Fe3+/F$+ data equivalent to that for the densitometry (dip) sampies
for all but the most viscous melt, and confirm that all but one melt equilibrated with air during the densitometry
measunments.
Melt densities range from 2.17 to 2.88 g/cm3 with a mean standard deviation (from replicate experiments) of 0.36%.
Least squares regression of the density data at 1300, 1400 and 1500°C, was calculated, both excluding and inciuding
excess volume terms (herein named linear and nonlinear fits, respectively) and the root mean squared deviation (RMSD)
of each regression was compared with the total experimental error. The partial molar volumes computed for linear fits
for Na20 and Si02 are similar to those previously repotted for melts in the Na@-AlzOrSi02 system (STEIN et al.,
1986). The partial molar volumes of Fe203 obtained in these linear fits are equal to those obtained by SHIRAIS~~I
et al.
( 1978) in the FeO-Fe20s-SiO2 system but 5 to 10% lower than repotted by MO et al. ( 1982) in multicomponent melts.
The partial molar volume exhibited by Fe’+ in this system is representative of the partial molar volume of tetrahedrally
cccrhinated Fe’+ in silicate melts. _

IN’I’RODUCI’ION
THE ROLEOF the oxidation state of silicate melts in the petrogeneais of igneous rocks has received increasing attention
in recent years due to several advances in our understanding
of the behavior of iron in silicate melts. Investigations of the
structural role of iron in silicate melts continue to clarify the
effect of redox equilibria on melt structure (e.g. Fox et al.,
1982; HENDERSONet al., 1984; VIRGO and MYSEN, 1985;
MYSEN et al., 1985; GOLDMAN, 1986). In addition, several
studies have broadened our knowledge of the compositiondependence of redox equilibria in simple and complex silicate
melts (DICKENSONand HESS, 1981, 1986a,b; MYSEN et al.,
1985; SACKet al., 1980; KIL~NC et al., 1983) and, as a result,
models for the prediction of homogeneous equilibria involving iron in igneous melts have been proposed (SACK et al.,
1980; KILINC et al., 1983; MYSEN, 1988). In addition, studies
of the relationship between redox state and the physical
properties of silicate melts continue to provide tests for models
of the relationship between the molecular structure and the
macroscopic properties of silicate melts (e.g. density, MO et
al., 1982; LICKO et al., 1985; DINGWELL and BREARLEY,
1987; viscosity, TOGUR~et al., 1976; SEKI and OETERS, 1984;
DANEK et al., 1985; DINGWELL and VIRGO, 1987; oxygen
diffusion, CANIL and MUEHLENBACHS,1987).
Recent observations of M&.sbauer spectra of ferric iron in
silicate glasses have been interpreted to indicate the presence
of more than one coordination geometry for this cation (MY.
SENet al., 1985; VIROO and MYSEN, 1985). The shift of ferric
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iron Mbssbauer parameters as functions of the bulk composition and of the redox state of silicate melts has prompted
the suggestion that partial molar properties of ferric iron in
these melts might vary with composition in a way that is
significant for geologic calculations. One such property, the
partial molar volume of ferric iron, is the subject of this study.
Recent areas of investigation in the geological literature
that emphasize the continuing need for more and better density data on iron-bearing silicate melts include the following.
Firstly, the estimation of the pressure-dependence of r&lox
equilibria in igneous melts is necessary to make inferences
regarding the oxidation state of magma source regions from
a knowledge of their redox state upon eruption (e.g. CARMICHAELand GHIORSO, 1986). Secondly, the calculation of
spatial density gradients in magma chambers resulting from
compositional variations can provide tests for the evaluation
of the style and magnitude of convection in these chambers
(e.g. HUPPERT and SPARKS, 1980; CAMPBELLand TURNER,
1986). Thirdly, the density of the melt is an input parameter
in deriving the melt-buffer rod interface reflection coefficient
necessary to constrain wave amplitudes in ultrasonic studies
of silicate melts and to calculate compressibilities from wave
velocity data in these studies (e.g. MANGHNANIet al., 1986;
RIVERSand CARMICHAEL,1987; KRESS et al., 1988).
For iron-bearing melts, these types of calculations require
accurate partial molar volume data for ferric and ferrous iron.
Previous work on the partial molar volume of ferric iron by
MO et al. (1982) was performed with the intent of deriving
a widely applicable input parameter for calculations involving
natural (> 10 component) systems. Thus the work of MO et
al. ( 1982) involved 8 compositions in an 11 component system. As stated at that time, the data obtained were insufficient
to test conclusively for composition-dependence of the partial
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molar volume of ferric iron. In addition, it now appears that
the redox characterization of these melts was inadequate
(LANGEand CARMICHAEL,1987). The inadequacy of the existing data base has been emphasized more recently by BOTTINGA et al., (1983; 1984) and VIRGO and MYSEN (1985)
who appeal for data to fill the gap in our knowledge of simple
systems.
The present work in the NarO-FeO-Fe*O,-SiOr system was
conducted with the intent of providing a datum for a test of
the composition-dependence
of the partial molar volume of
ferric iron and to augment the data base for calculational
schemes (BOTTINGAand WEILL, 1970, BOTTINGAet al., 1982;
LANGEand CARMICHAEL,1987) for predicting melt densities
where ferric iron is abundant.
The NazO-FeO-Fe203-Si02 system is well-suited to this
task for the following reasons. Firstly, previous investigations
of the structural role of ferric iron in melts in this system
have suggested that, under the T - f02 conditions of the
present study, the coordination of ferric iron is compositionindependent, consisting of NaFeQ tetrahedra (DANCKWERTH and VIRGO, 1982). Secondly, the liquidus phase
equilibria of this system indicated that a very large range of
compositions would be experimentally accessible (i.e., densities could be obtained over a reasonable temperature range,
BOWENet al., 1930). Thirdly, this system contains the acmite
component, which is a major normative component of intermediate to acidic peralkaline rocks, precisely those igneous
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FIG. 1. The electron microprobe analyses of the compositions investigated in this study plotted in the system Nash-FeaOs-SiQ in
wt%. Also, a comparison of the range of molar proportions of Na*O,
(AlzOj or FezO,) and SiO, in this study and STEINet al. ( 1986).

rocks whose melts are anticipated to contain abundant
ferric iron in tetrahedral coordination due to a shortage of
aluminum.
EXPERIMENTAL METHOD
Sample preparation

The starting materials for the denaitometry experiments were synthesized in air by direct fusion of reagent grade NasCQs, Fe& and

Table 1. Analyses of glasses. (wt%)

Sample

1
2
3
4
5
6
7

8
9
10
11
12

drop

SiO2

Na*0

62.04
52.82
44.29
40.61
43.95
49.46
52.86
57.60
38.49
32.76
29.54
22.68

10.31
12.65
16.55
19.21
22.71
25.77
29.52
41.93
34.45
30.72
28.30
24.77

quench data3

4
5
6
7
8
9
10
11
12

1
v3

FeO'(H)

Fe0 (H)

purified quartz sand. The N&O, and Fe& were &led at 300°C
Fe0 (I.)

27.73
35.22
40.15
42.75
34.63
25.93
17.66

3.57
3.42
4.24
4.57
3.30
2.37
1.98

(0.33)
(0.24)
(0.16)
(0.11)
(0.11)
(0.14)
(0.11)

3.34
2.98
2.98
2.66
1.10
0.71
0.50

(0.10)
(0.18)
(0.19)
(0.15)
(0.11)
(0.09)
(0.29)

3.25
1.92
1.86
1.71
0.46
0.90
0.19

25.98
36.85
44.36
55.34

0.97
1.41
1.30
2.16

(0.21)
(0.02)
(0.10)
(0.10)

0.13
0.33
0.33
2.39

(0.03)
(0.04)
(0.03)
(0.05)

0.00
0.05 (0.04)
0.03 (0.01)
0.92 (0.05)

4

(0.11)
(0.12j
(0.15)
(0.10)
(0.08)
(0.08)
(0.07)

Fe0 (1300)

Fe0 (1400)

Fe0 (1500)

1.36
1.53
1.49
2.03
0.78
0.49
0.45

2.79

3.02
2.61
3.09
1.56
1.06
0.92

3.74
5.33
4.19
4.44
2.81
2.05
1 70

0.34
0.31
0.51
0.30

0.87
0.93
1.21
1.15

1.96
2.40
2.56
3.61

'coral iron reported as Fe203 in microprobe analyses (15kV, 3nA).
2
Fe0 &terminations
for the high (H), medium (U) and low (L)
temperature dip samples. Numbers in brackets are 1 std. dev. in
replicate detsrminations.
3

57
Fe "dssbeuer
Fe0 data from least squares fits to rhe
ferric/ferrous ratio as a function of reciprocal
absolute temperature.

spectra-derived

4

Errors in Mdssbauer analyses of area ratios correspond to + 2X of
ferric/total iron.

andthcquartzsaadwasdricdpl120°CpriortomixisCOac~
gram batches ofcompoaitions 1 through 8 wereKmedina&ma~5bks
at 1600°C for 1 hour. One hundred gram batches of the ttigb-aodium
samples 9 through 12 were fused in platinum crucibka at 1400°C
for 30 min. The fused aampks wem poured onto steeI pIates for
cooling. The iron-bearing starting gIaases were analw
by e&ion
microprobe for composition and homogeneity. The m&probe
analyses utilized mineral standards: j&be for Na, e
for Fe
and gross&r for Si. Static beam voIatiIixation teats (manaIy& of
spots and monitoring of count rates) ind&ed that Na Ioss was not
a problem for these glames. As an additional precaution, we uaai a
defocusned beam (20-50 microns) and moved tbc rpmpla uodcr the
beam during anrdyais to avoid Na loas The results of aarlyaes are
presented in Table 1 and Fii 1 and the analytical enom are dirueed
in the Resulta section of this paper. tih composition is the mean
of six analyses, and homogeneity within the microprobe ermn was
observed. Iron-free sample 8 was unstable under the ekectmn microProbcbcomandwasanntyebd~byncutronoctivrtionforNa
and by X-ray fluorescence for Si (the maults of this an&&a am included in Table 1 and Fig. I). The microprobe tatpls for the Si-poor
glassesare slightly high (approx. 1029b)possibly due to i-y
large ZAF correcdons for these samples but the 100% nrxm&#ion
ofthearurlysesoftbemostSi_poorgluausedinthestudyyiddcd
compositions within errorof the txiginal “weighed in” com~bns.
As a check against compoeitionrl drift during the Qaciromnry
experimen& sampIes of glaaa obtain4 before and after the exprimerit.5were compared in compaitiou tiug the &ctstm w
As had been previou.sIy o&rvaI duriug viaatmetry exp&xmts od
equivalent sixed melt aampIu in this ayuem (DIN0wEI.L and VIRGO,
Tbcf&¶ir$Ibrrous
1987;1988),nocompoeitiottaIdriRwaaokaved.
ratios of the melts invmtigated were &tamed at ach temperature of
density measurement as discussed below.
The melt densities were determined using the double-bob Archim&antahnique.TbePpPUPtUsuaediasimiIartotbatofROCKRtS
eral.(19%)andiadeg&alinI?i2.
Webaveaddedmi3ir~
to assist furnace closure and an llumina bumper to prevent bob
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immersed three times in the melt and the mean of the three. buoyancy
determinations was computed for each. The difference between the
two means was entered into a computer routine which solved for
melt density using equation (1) and T - Y data for pure platinum
(EDWARDSet al., 1951; WASEDAet al., 1975).
Density = (BI - &)/(V, - Vz)

(1)

where B, and E2 are the buoyancies and VI and V2are the submerged
volumes of the large and small bobs, respectively.
Precisionand accuracy

FIG. 2. A schematic drawing of the apparatus used in the present
study for the determination of melt densities. The balance is precise
to +O.OOOlg and the vertical positioning is precise to 0.2 mm.

crucible contact. The previously fused starting materials were remelted
into rigid, cylindrical, Pt&hr,, crucibles (2.54 cm inner diameter,
5.08 cm height, 1 mm wall thickness) and bottom-loaded into a vertical (3.5 cm inner diameter) tube furnace. The samples were sup
ported in the hot zone of the furnace by an alumina tube (2.54 cm
outer diameter) pedestal. Hot zone temperature was maintained with
an electronic set-point controller and a fi4Rh&r&hN
control
thermocouple and monitored with a Pt-bRhro
thermocouple
(checked periodicaUy against the melting point of Au). The measuring
thermocouple was sheathed in a Pt sleeve and immersed in the melt
sample before and after each density determination. We estimate the
maximum te.mperature uncertainty including contributions from
thermal gradients and time fluctuations at +2”C. The tube furnace
(heated by MoSiz hairpin elements) was mounted on a screw jack
which permitted vertical positioning of the furnace and sample to a
precision of 0.2 mm over a range of 15 cm. A 75 kg weighing table
above the tube furnace supports an “X - Y” centering stage designed
to position the weighing balance over the furnace. The centering
stage is also fitted with a clutch mechanism that permits the entire
stage to be slid away from the furnace. This mechanism along with
a sliding block in the table permit easy vertical access to the furnace
top. The balance employed is a digital model Mettler AEIOO. The
automatic taring feature of this balance was used to obtain direct
buoyancy readings.
The bobs used for immersion were fabricated from pure platinum
in the form of spindles whose cross-sections are depicted in Fig. 2.
The bobs were suspended from 0.5 mm dia. platinum wire leaders
which were, in turn, suspended from thicker platinum wire lengths
that extended out of the furnace. The thin leaders were used to minimize errom in immersed mass due to uncertainty in the immersion
depth of the leader wire. Closure at the top of the furnace is accomplished with a (0.1 to 3 cm) iris diaphragm.
The masses of the bobs (corrected for air) were measured prior to
this study and at regular intervals during the buoyancy determinations.
The high-temperature submerged volumes of the bobs were computed
from their known masses, the S.T.P. density of platinum, the thermal
expansion coefficient of platinum, and geometric considerations for
the immersed length of leader wire and the melt height displacement
of the immersed bob.
The experiments were conducted in sets of 6 separate immersions
at each of 3 temperatures (generally ranging from 1500°C to the
liquidus) for each composition. The large and small bobs were each

The precision of the above technique was taken as the standard
deviations obtained from the three replicate buoyancy determinations
for the large and small bobs propagated through Eqn. (1) using the
square root of the sum of the squares. The individual pm&ions are
reported (in Table 2) for each temperature and composition and the
mean of these is 0.36% of the measured density.
The accuracy of the present work was tested in two ways. Firstly,
the density of molten NaCl (6 replicates) was measured at 1063°C
to be I .4 I50 g/cc in excellent agreement (0.17% high) with the value
of I .4 I25 g/cc computed from the density-temperature relationship
given by JANZ(1980). The density of molten NaCl was redetermined
after the completion of this study (involving over 200 immersions)
in order to access the effect of iron contamination on the density of
the platinum bobs. The post-study redetermination of the density of
NaCl(1063’C) was 1.4 152 gm/cc, virtually identical to the previous
determination and within error (0.19% high) of the value from JANZ
(1980). The agreement of the two determinations of the density of
molten NaCl proves that iron contamination of the platinum bobs
has no observable effect on the density of the platinum bobs as thus
the density determinations of this study. A similar conclusion was
reached by MO et al. (1982) based on microprobe analysis of their
suspension wire.
Redox characterization
After completion of six buoyancy measurements the melt was
sampled (4-8 times) by dipping a small (0.4 mm wire, 2-3 mm loop
diameter) Platinum wire loop into the sample and quenching the
“loop sample” in water. The calculated means of ferrous iron determinations performed on these loop samples using the volumetric
vanadate titration method described by WILSON(I 960) were taken
as representative of the redox state of the melt samples at each tem-

TABLE

Sample

Temp.

2. Melt

Density

densltles.

Temp.

Density

Temp.

Oens1ty
2.5483
(.0181)

1

1451

2.5144
(.0013)1

1349

2.5308
(.0117)

1250

2

1439

2.6026
C.0153)

1373

2.6270
(.0039)

1298

2.6279
(.0049)

3

1500

2.6765
(.OlOl)

1405

2.6973
(.0124)

1300

2.7086
(.0118)

4

1500

2.7202
(.OlOO)

1399

2.7317
C.0065)

1300

2.7500
C.0063)

5

1497

2.5837
C.0062)

1301

2.6165
(.0043)

1105

2.6723
C.0140)

6

1500

2.4652

1247

2.5162
C.0067)

1002

2.5741
(.0063)

(.00&i)

7

1489

2.3584
C.0072)

1251

2.4184
(.0096)

1000

2.4750
(.0130)

8

1480

2.1738
(.0054)

1300

2.2268
l.0091)

1100

2.2823
(.0091)

9

1485

2.4246
C.0198)

1249

2.4811
t.0076)

998

2.5531
C.0054)

10

1480

2.5400
(.0054)

1252

2.6130
C.0025)

1001

2.6746
C.0043)

11

1479

2.6804
C.0026)

1249

2.7492
(.0029)

1020

2.6366
(.0146)

12

1482

2.8558
C.0071)

1403

2.8587
(.0059)

1309

2.8763
(.0035)

1

numbers

1" brackets

represent

1 standard

devlatlon.
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perature of density measurement. These ferrous iron determinations
are incorporated into the data of Table 1.
As an additional test of this quenching method and to derive equiiibrium ~ox-~m~tu~
~~tio~~
for each Amazon,
a series
of loop fusion experiments were performed on 80 mg samples of
batch glass. The 80 mg samples were equilibrated for 1 hour at 1300,
1400 and 15OO’Cand drop quenched (by electrically burning off a
fine suspension wire) into water. A time series of experiments on
sample 1, the most viscous sample in this study (DINGWELLand
VIRGO, 1988), indicated that 1 hour was sufficient for equilibration
of that sample at I 400°C. The generally observed inverse ~lationship
between oxygen diffusivity and viscosity led us to extend this demonstration of equilibration to the other, less viscous, samples.
Resonant absorption “Fe M6ssbauer spectra were collected at 25°C
with a 50mC “Co/Rh source on powders of the drop-quenched melts
from the loop equilibration runs. The powders were contained between sheets of aluminum foil and the absorber thickness was constrained to yield approx. 5 mg Fe/cm’. Mirror image spectra were
recorded over 5 12 channels, folded and analysed. The spectral data
were deconvoluted with the least-squares fitting routine PC-MOS
(copyright CMTE Electronik, Riemerling, FRG) using Lorentzian
lineshapes. The deconvolutions consisted of two doublets, one symmetric doublet assigned to ferric iron and one equal area asymmetric
(unequal widths) doublet assigned to ferrous iron. The assignment
of doublets in the deconvolution of “Fe M&batter spectra of glasses
in the Na&-FeO-Fe20~-SiO~ system has been discussed at length in
previous pubii~tions (VIRGO and MYSEN, 1985; DINGWELLand
VIRGO, 1987, 1988) and will not be repeated here.
RESULTS

Densities
The compute densities derived from 2 16 buoyancy measurements on 12 melt compositions are reported in Table 2
and shown in Fig. 3. The melt densities range from 2.17 to
2.88 g/cm3 (a variation of 33%). There is a linear relationship

2.8 -

o^

2.6 -

2
ii
L
::
2.4 -

FIG. 4. A comparison of the density determinations of composition
8 of this study (4 1.9 mole% Na&, 58.1 mole% SiC&)and an interpolation of density fiction
by BocKRls et al. (1956) on Na&SiO, melt com~t~o~.
The dashed lines represent 1 standard error
of the fkX.XRiS et al. data.

between density and temperature for each composition within
the error of the measurements (Fig. 3 and Table 2). At this
stage, it is useful to assess the errors involved in both the
density measurements and the compositional determinations.
The mean error in the precision of our density measurements
(propagated as discussed above) is 0.36%. The amtlytical errors
involved in the microprobe analyses are estimated to be less
than 1% of the amount present for SiOz and total Fe and Iess
than 2% for NazO. The errors in wet chemical analysis for
Fe0 average 2.5% of the amount present. The density measurements and mett compositions were used to calculate the
molar volumes of the melts. The above errors propagate into
a mean error of 0.55% in the molar volumes of the melts.
Composition 8 of this study is on the Na@SiOz binary
join and previous density divans
in this binary system
are available from ~KRIS et al. (1956). A comparison (of
a linear interpolation in composition) of the density-temperature data of these workers and the density-temperature
data of composition 8 is ill~trated in Fig. 4. The agreement
is excellent, well within the precision of the experiments.This
agreement ais0 bears on the pos&isility of iron contamination
of the platinum bobs at&c& density determinations. Melt
composition 8 was investigated afler 7 previous compositions
involving over 60 previous immersions each of the large and
small platinum bobs in melts containing up ta 40 wt.% iron.
These bobs undoubtedly gained iron from the melts prior to
the investigation of composition 8. Despite iron gain, however, the agreement shown in Fig. 4 is further evidence of
the insensitivity of the bob densities to iron contamination
and further illustrates that comparisons between this work
and previous studies in iron-free systems is valid.
lpedox characterization

I

I

1

Ho0

I

,

,

1306

TEMPERATURE

I

1500
(“C)

RG. 3. Compilation of the density data of this study as functions
of temperaWe. All density data have been fitted within error to a
linear dependence on tempcratunz T&eerror b+uscorrespond to 1
standad deviation in the buoyancy determinations propagated
through Eqn. ( 1).

The results of the wet chemical Fe0 analyses ofdip samples
obtained directly from the densitometry batches are presented
in Fig. 5 as values of log,, (X(Fe24)/X(FeO)), The general
behavior of redox ratios as a function of temperature, illustrated in Fig. 5, is a linear dependence on reciprocal absolute
temperature (A&es&is behavior). This type of b&n&or has
been widely observed in reborn
redox stties of s&ate
melts and the data of Fii. 5 are reprodud
well using the
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FIG. 5. An Arrhenius plot of dip sample redox ratios for the compositions investigated in this study. The redox ratio has been fitted
to a linear function of reciprocalabsolute temperature. Two spurious
data points in Table 1 have been discarded in this plot. Also,
the
redox
data for compositions 4 and 6 have been omitted for clarity
(see data in Table 1).

method of KILINCetal.(1983). This agreement leads us to
speculate that redox equilibrium was closely approached for
the melts 2 to 12.
It is important to note here that the present study does not
rely on the complete achievement of redox equilibrium in
the melts investigated but rather on a careful monitoring of
the actual redox ratios of investigated melts. In order to state
that the degree of possible d&equilibria does not distort our
density-composition analysis (below) we draw attention to
two essential observations. Firstly, the buoyancy determinations, which took approximately six hours to complete at
each temperature point show no systematic drift in values
with time. Secondly, the replication of Fe0 determinations
on multiple melt loop samples at each temperature point
showed no variation outside the limits of analytical error of
the obtained values. The first point above means that even
if the melts were not completely equilibrated during the
buoyancy determinations, the possible continuing oxidation
of melts during buoyancy determinations had no observable
effect (drift) on the buoyancy determinations and thus the
computed densities. The second point illustrates that, as the
melts were representatively sampled (replicate samples from
random depths), no evidence exists for significant melt inhomogeneity in redox state. The observations of constant
buoyancy and melt homogeneity obviate the requirement
for establishment of redox equilibria in these liquids in order
to interpret the results. With this in mind we return to Fig.
5 to point out that compositions 2 to 12 display redox-temperature relationships whose slope and intercept values are
closely predicted from equilibrium models; leading us to suggest that these melts very nearly equilibrated. In contrast,
composition 1 exhibits a redox ratio that is insensitive to

temperature. The probable cause of this behavior is disequilibria during cooling such that the high temperature redox
state was maintained during the entire experiment. Composition 1 is close to NaFeSisOs in composition and undoubtedly has the highest viscosity of the samples investigated
(DINGWELL and VIRGO, 1988). The generally O~SCN~ inverse relationship between viscosity and oxygen diRtsivity
in silicate melts (SHIMIZUand KUSHIRO, 1984) leads us to
infer the lowest equilibration rate for this sample due to low
oxygen diffusivity.
To test the possibility that the dip sampling technique is
incapable (i.e., too slow) of quenching in mdox ratios of the
less viscous densitometry samples, the results of the loop
equilibrated, drop-quenched (into water) samples for each
composition are given in Table 1. The redox-temperature
relationships for all but sample 1 are in agreement with the
dip sample data. This agreement indicates that the mdox ratio
is insensitive to the difference in quench rate between the
drop quench into water and the “dip sample quench”. This
agreement is also direct evidence that samples 2 to 12 equilibrated during the densitometry runs and that sample 1 did
not equilibrate. For sample 1, the equilibrium redox-temperature relationship (from the drop quench samples) intersects the redox-temperature relationship from the actual
densitometry sample at approx. 1500°C. Thus the high temperature redox ratio has been metastably preserved to lower
temperatures, as postulated above. An unfortunate footnote
to the drop quench experiments is that the most Na-rich
melts lost Na (as verified by electron microprobe analysis)
during 1 hour equilibrations at 1500°C. This was not fully
unexpected by the present authors but the effect of this Naloss on the redox equilibria remains undetermined. We do
note that precisely these redox data (those for samples 9, 10,
11, 12 at 1500°C) are more reduced than the equivalent dip
quench samples. This last point emphasizes the special difficulties of loop fusion redox equilibrations in alkali-bearing
systems and the corresponding utility of dip quenchs from
large volume samples where equilibrium can be established.
DISCUSSION
Because the FezOs/FeO of each melt changes with temperature (Fig. 5) we were compelled to analyze our data at
three individual temperatures (cJY,MO et al., 1982; LICKO
et al., 1985) and did not, therefore, independently regress the
variation in the partial molar volumes of the oxide components with temperature as may be done in iron-free systems
(e.g., STEIN et al., 1986). Also, because our measurements
were not conducted at the same temperatures for all liquids,
we have interpolated some of the density measurements and
FezOs/FeO according to the established relationships (Figs.
3 and 5, Tables 1 and 2) before the regression analysis. The
molar volumes and mole fractions of oxide components were
regressed at 1300, 1400 and 15OO’C using multiple leastsquares linear regmssion according to the following equation:
V= & iXiVj
n-1

(2)

where V is the molar volume of the melt, Xi is the mole
fraction of the oxide component and V, is the partial molar
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volume of the oxide component. The input and results are
shown in Tables 3 and 4.
The partial molar volume of Fe0 was also calculated.
However, the computed values had standard deviations larger
than the computed partial molar volumes, due to high uncertainties stemming from the low concentrations of Fe0 in
our liquids. A number of measurements and estimations
(HENDERSON, 1964; SHIRAISHIet al., 1978; HERZBERG, 1987;
LANGEand CARMICHAEL,1987) of the partial molar volume
of Fe0 are available from the literature and all fall within
the range of 13 to 14 cm’/mole. This range of values does
not significantly affect the computed values of the partial
molar volumes of the major components of the compositions
of this study and consequently, we constrained the partial
m&r volume of Fe0 according to the analysis of HERZBERG
(1987). This constraint took the form of subtracting the calculated volume due to Fe0 from each total volume (P’,Table
3) to yield an FeO-free volume (I/*, Table 3). It is important
to stress that this constraint, using any reasonable volume
for FeO, does not significantly effect the calculated partial
molar volumes of the other components. We also wish to
stress that we realize excess terms involving Fe0 may be required to describe the volumes of very FeO-rich melts, our
treatment of Fe0 is an approximation.

3. Fit

TABLE

SanpleX(Na20)

X(SiO2)

parametersand

X(Fe0)

results.

X(Fe203)

V

V*

ras.

1500°c
1
2
3
4
5
6
7
8
9
10
11
12

.1190
1530
:207a
.2411
2739
:2933
.3221
.4187
.4067
.3866
.3684
.3506

7389
: 6588

.1191
.1540
.2092
.2437
.2758
2945
1322.9
.4187
.4079
3879
:3706
.3524

.7394

.5736
.5258
5468
:5806
5949
:5813
.4687
.4253
.3967
.3311

.0356
.0459
.0459
.0495
.0343
.0233
.0165
.oooo
.Olll
.0161
.0216
.0287

1065
1423
1727
1835
1449
1029
0665
0000
1135
1720
2133
2896

28.47
28.92
29.22
29.19
29.20
28.87
28.65
28.07
29.89
30.80
30.82
31.55

28.00
28.31
28.61
28.53
28.74
28.56
28.43
28.07
29.74
30.59
30.53
31.17

+0.21
+O.lS
-0.12
-0.36
-0.14
-0.11
-0.01
-0.23
+0.21
+0.46
+0.03
-0.13

.0343
.0320
.0325
.0291
0210
:0151
.0118

.1072
.1504
.1807
.1959
.1527
.1074
.0693.
.OOOO
.1168
.1758
.2207
.2960

28.30
28.97
29.24
29.43
29.23
28.77
28.44
27.71
29.67
30.58
30.65
31.60

27.84
28.54
28.81
29.04
28.95
28.57
28.28
27.71
29.60
30.45
30.52
31.36

+0.22
+0.15
-0.15
-0.33
-0.12
-0.08
-0.01
-0.21
+0.22
+0.42
-0.09
-0.02

1400°c
1
2
3
4
5
6
7
8
9
IO
11
12

6635
:5775
.5313
5505
:5aso
.5963
.5813
4701
14267
.3991
.3332

.oooo
0052
:0096
.0096
.0184

1300Dc
1
2
3
4
5
6
7
8
9
10
11
12

.1192
.1549
.2105
.2449
.2771
.2953
.3235
.4187
.4085
.3887
3715
13537

0332
:0208
.0204
.0188
.0116
.0094
.0078
.oooo
.0021
.0053
.0051
.OllO

.7398

.6673
5811
:5341
5531
15047
5975
:5e13
.470*
.4276
4000
:3341

1078
1570
1880
2022
1582
1106
0712
0000
1185
1783
2235
3012

28.13
29.02
29.33
29.42
29.23
28.62
28.23
27.34
29.41
30.33
30.35
31.59

27.70
28.75
29.06
29.18
29.08
28.50
28.20
27.34
29.38
30.22
30.28
31.45

X is mole fraction.
V' = V - X(FeO)V(FeO).

CO.19
+0.14
-0.13
-0.34
-0.08
-0.09
+0.06
-0.22
+0.23
f0.35
-0.20
+0.07

Table

Temperature

text

for discussion of V(Fe0).

V(=3201

Molar Volumes.

V(Si0,)

V(Fe203)

1500'
14001
13001

30.28
29.64
28.90

(0.58)
(0.53)
(0.51)

40.71
40.69
40.74

(0.90)
(0.80)
(0.77)

26.86
26.68
26.59

(0.31)
(0.28)
(0.28)

14002
15002
13002

29.66
30.64
28.90

(0.71)
(0.56)
(0.52)

40.67
40.46
40.77

(1.16)
(0.81)
(0.77,

26.67
26.55

(0.37)
(0.29)
(0.28)

numbersinbrackets
represent1
std. dev.)
f ferriC/ferrous
data fromdipquench
samples obtained during
densitometry.
2 ferric/ferrous
data fromdrop
quenchexperiments,
except for
NFS 1 (seetext
fordiscussionofthissample).

Linear&s
The results of the linear regressions at 1300, 1400 and
1500°C are presented in Tables 3 and 4. For comparison,
inclusion of the data of BGcKRIS el al. ( 1956) was considered
justifiable on the basis of Fig. 4 and the results of a 1400°C
linear tit to the combined data set is given in line 2 of Table
5. The values of the partial molar volumes derived from the
inclusion of BGCKRISet al. ( 1956)data do not change within
1 standard deviation.
In Table 4 comparison is made of the calculated partial
molar volumes for linear fits using the dip quench redox data
and using the drop quench redox data. There are no significant differences.
The quality of fit is indicated by the tabulation of residuals
in Table 3 and the square root of the mean of squared residuals or “root mean squared deviation” (RMSD) given in Table 5 as percent of the fitted volume. The best estimate of
total uncertainty in our density determinations (including
contributions from experimental and analytical accuracy) is
0.5596, as noted above. The linear regressions of Table 4 do
not reproduce the density data to within our best estimate
of the error of these determinations. Despite this observation,
and in the event that our e&nation of experimental errors
is low, several aspects of the linear regression data are worth
noting. The values ofthe partial molar volumes of Na20 and
SiOz from the 1400°C regmmion are comparable to those
obtained from the linear regmssions of STEiN et al. (I 986) to
their density data on melts in the NarO-AlrOs-SiOr system
at 29.64 f 0.53 cm’/mole and 26.68 + 0.28 cm3/mole versus

0

Table

VWa20)

5. Comparison

V(-2%)

of various

fits

V(Si0,)

at

1400

c.

v(excess)

RHSD
___

(linear)
0.71
0.83*

29.64
29.05

(0.53)
(0.15)

40.69
41.34

(0.80)
(0.34)

26.68
26.78

(0.28)
(0.10)

27.15
28.90

(1.21)
(0.16)

31.59
38.80

(4.17)
(1.22)

28.17
26.89

(0.71)
(0.11)

(NaFa)
29.65 (13.42)
8.20 ( 3.78)

0.56
0.76+

37.49
30.54

(2.40)
(0.72)

36.69
40.74

(1.36)
(0.43)

28.64
27.18

(0.62)
(0.21)

(N&i)
-18.28
(5.52)
-3.81
(1.80)

0.46
0.76*

29.70
29.02

(1.06)
(0.17)

40.40
41.93

(4.22)
(1.34)

26.62
26.81

(0.83)
(0.12)

26.66

(0.29)

(FcSi)

(Na ex.)
29.67 (0.54)

(NaP.02)
35.16 (0.36)

0.73
-1.29

fit includes
th~~a$-Ei02
date of Rocksis
(nunbers. in braoksta
rapra#ent
1 std. da.).

l

see

4. Partial

(10.3)
(2.84)

0.70
o.a3*

0.72
et al.

(1956)

Na20-FeO-F@03-Sia system: melt densities
28.55 f 0.17 cm”/mole and 27.08 f 0.05 cm3/mole. The
inclusion of the data for the 16 Na20-SiG melt compositions
of B~~KRIS et al. (1956) in both re@essions results in a convergence of the partial molar volumes of Na20 and SiO2 to
28.92 f 0.06 cm3/mole and 26.84 f 0.05 cm’/mole (STEIN
et al., 1986) versus 29.05 f 0.15 cm3/mole and 26.78 * 0.10
cm3/mole (this study) for Na20 and Si02, respectively.
The partial molar volume of Fe203 (40.69 + 0.80 cm3/
mole) obtained from the linear fit of our data at 1400°C is
comparable to that reported by BOTTINGAet al. ( 1983) from
the study Of SHIRAISHIetal.(1978) (40.13 + 0.3 1 cm3/mole)
in the FeO-Fe203-Si02 system. In contrast, the partial molar
volumes of Fe203 derived by BCYITINGAet al.(1983) from
the data reported by HENDERWN (1964) for CaO-FeO-FezOr
SiOz melts and the value quoted by MO et al. (1982) for
multicomponent
melis are significantly different at 38.55
+ 0.76 cm3/mole and 43.89 f 1.23 cm3/mole, respectively.
Comparison of the partial molar volumes of Al203 and
Fe203 in silicate melts with the crystalline volumes of pure
Al203 and Fe203 (MO et al., 1982; LANGEand CARMICHAEL,
1987) has been interpreted to indicate that the larger partial
molar volumesof A1203 and Fe203 in silicate melts compared
with the pure crystalline oxides is indicative of tetrahedral
coordination of Al and Fe3+ in silicate melts. The resulting
observation, that tetrahedral coordination results in larger
molar volumes for Al and Fe3+, and the smaller partial molar
volume of Fez03 derived by BOTTINGAet al. ( 1983) from the
data of HENDERSON(1964) in melts in the CaO-FeO-Fe203SiO2 system is consistent with a portion of the Fe203 in melts
in the CaO-FeO-Fe203-SiOz system being in higher coordination. This possibility is currently under investigation by
the present authors.
Unfortunately, the density study of HENDERSON(1964)
utilized the less precise, maximum bubble pressure method
(see discussion by LANGE and CARMICHAEL,1987) and the
compilation by MO et al. (1982) included data obtained by
this method, thus the above comparisons are weakened accordingly.
The recent densitometxy study of LANGE and CARMI~L
(1987) has utilized the dip sampling technique (e.g., DINGWELLand VIRGO, 1987, 1988, and this study) resulting in
the conclusion (LANGE and CARMICHAEL,1987) that MO et
u~.‘s (1982) redox data are suspect. More importantly, when
LANGE and CARMICHAEL(1987) rejected what they determined to be low quality data in their linear fit to a multicomponent data set, including their four new determinations
on Fe-bearing melts arid the eight Fe-bearing compositions
of MO et al. ( 1982), the value of the partial molar volume of
Fe203 quoted for 1400°C was reduced to 42.13 + 0.28 cm31
mole from the previous value of MO et al. (1982) of 43.89
+ 1.23 cm3/mole, in closer agreement with the value determined in this study.
NonlinearJits
In order to assess fiuther the validity of using a linear
equation to fit the volume data, we regressed the same data
using an equation of the form:
i
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where X, and Xk are the mole fractions of oxide components
j and k (j, k = Si02, Na20, Fe203, and qk is the excess
volume term between j and k. The results of these nonlinear
fits (with and without the BOCKRIS et al., 1956, data) are
presented in lines 3 to 8 of Table 5. All fits involving excess
products resulted in lower values of RMSD.
The fits involving an FeSi product as the excess term result
in excess terms with standard deviations greater than the excess terms. Any excess term that has a standard deviation
large enough to allow a positive or negative value is clearly
not useful and thus the FeSi excess fits (lines 7 and 8, Table
5) may be discarded.
The fits involving an NaSi product as the excess term are
more interesting. Firstly, as described by BOTTINGA er al.
(1983) (and, indeed by BOCKRISet al., 1956), there is a trend
of negative volumes of mixing in the data of BOCKRISet al.
( 1956) for melts on the Na20-Si02 join. If we accept the error
estimate of BOCKRISet al. (1956) for their Na20-Si02 data
(ave. error = 0.28%) and perform a linear fit to these data
( V(Na20) = 30.21 f 0.27 cm3/mole, V(Si02) = 26.82 + 0.06
cm”/mole), the resulting RMSD is slightly larger than the
estimated error at 0.3 1%. A nonlinear fit employing a NaSi
product as the excess term ( V(Na20) = 30.2 1 + 0.27 cm3/
mole, V(SiO2) = 27.15 + 0.80 cm3/mole, V(excess) = -3.24
+ 0.68 cm’/mole) results in a decrease in the RMSD to 0.19%,
within the estimated errors. If we fit a NaSi excess term to
our data the RMSD is reduced to 0.46 and thus the calculated
volumes reproduce. the experimental volumes within the estimated errors of determination (0.55%). The excess term is
negative and thus the partial molar volumes of Na20 and
Si02 are increased. The partial molar volume of Fe203 is
reduced to 36.59 f 1.36 cm’/mole. The partial molar volumes
of Nat0 (37.49 f 2.40 cm’/mole) and SiO2 (28.64 + 0.62
cm’/mole) are inconsistent with values derived from the linear
fits to the data of STEIN et al. (1986) and this study and with
recommended values from multicomponent
linear fitting
schemes for aluminum-free (29.03 cm’/mole (Na20) and
26.75 cm3/mole (SiO2); BOTTINGAet al., 1983, Table 4) or
aluminum-bearing (28.78 + 0.10 cm3/mole (Na20) and 29.6 1
It 0.06 cm3/mole (SiO2); LANGE and CARMICHAEL,1987)
silicate melts.
As noted above however, the NazO-Si02 density data of
B~CKRIS et al. (1956) show volume deviations from ideal
mixing which are generally disregarded by workers who develop linear multicomponent models from their and other’s
data. In the study of BOCKRISet al. (1956) the partial molar
volume of SiO2 obtained by the graphical method of intercepts
varies with composition and is given for pure Si02 (at 1400°C)
as 27.30 f 0.03 cm3/mole. This value is in agreement with
the data of BACON et al. (1960) whose higher temperature
study on pure Si02 illustrated a positive temperature dependence of volume that extrapolates to a 1400°C volume of
27.05 cm’/mole. These values are similar to those obtained
in the combined (BOCKRISet al., 1956, and this study) NaSi
excess term fit.
Finally, with regard to a NaSi excess term we would add
that a nonlinear fit involving a negative C&i excess term was
determined to be the best description of the recent density
determinations of LANGE and CARMICHAEL(1987) in the
CaO-A1203-Si02 system. In contrast, the best Na#-A1203-

2414

D. B. Dingwell, M. Brearley and J. E. Dickinson, Jr.

SiOl melt density data available, describe a linear variation
with composition (STEIN et al., 1986). If we suppose for the
moment that volume variations should be similar in form
(linear or nonlinear) for all “ternary” aluminosilicate and
ferrosilicate systems then we have an apparent discrepancy
between the nonlinear description of calcium aluminosilicate
and sodium ferrosilicate volume data and the linear descrip
tion of the sodium aluminosilicate volume data. In view of
the facts that 1) the nonlinearity in the NazO-FeO-FezOrSiOr system is at the limit of statistical detection, 2) BOCKRIS
et al. ( 1956) argue for nonlinear behavior in the NazO-Si02
system, and 3) the compositional ranges of data for the nonlinear data sets (CaO-A&O&& and NazO-FeO-Fe203-Si02)
are much larger than that experimentally accessible in the
NarO-A1203-SiOr system, it is tempting to speculate that the
NarO-AlrOr-SiOr system may be nonlinear with respect to
volume.
Nonlinear fits using a NaFe product term as the excess
term (lines 3 and 4, Table 5) result in a positive excess term
and the quality of fit is comparable to that of the NaSi excess
fits discussed above. Statistically, the NaSi and NaFe excess
term fits are difficult to choose between but the negative excess
term in the data of BOCKRIS et al. (1956) leads us to favor
the inclusion of this term in the fit to the combined data set.
We performed one more fit to the volume data of this
study, predicated on a structural model of the melts. As noted
in the introduction, a variety of structural probes have been
applied to the study of glasses in the NazO-FeO-Fez03-Si02
system (e.g. “Fe M&s.bauer spectroscopy, DANCKWERTHand
VIRGO, 1982; Raman spectroscopy, VIRGO et al., 1982a,b;
EXAFS, BROWNet al., 1979; XRD, HENDERSONet al., 1984;
Optical absorption and luminescence spectroscopy, Fox et
al., 1982; and ESCA, GOLDMAN, 1986). The concensus of
these studies is that ferric iron is tetrahedrally coordinated
by oxygen atoms, possibly as NaFeOz-based tetrahedra. In
order to observe the partial molar volumes that would be
extracted from our data based on such a model, we recast
the compositions into proportions of SiO2, NaFeO* and
NaZO. The results of this recast linear regression are included
in Table 5 (line 9), illustrating that the partial molar volume
of the NaFeOr component is 35.16 + 0.38 cm3/mole. This
recast fit highlights one point about the role of Nat0 in these
melts. The structural models for the Na2O-FeO-FerO3-SiO2
and Na20-A1203-SiOr systems that contain NaFeO2 and
NaAlOz components involve two distinct roles for Na20,
namely network-modifier and network-stabilizer. Thus, the
success of linear fits to the volume data in these two systems
(i.e., constant partial molar volumes of Na20 in these melts)
combined with the above structural models would indicate
that the volume of Na20 is insensitive to the structural role
of this component. It remains to be seen whether the same
is true for ferric iron.
SUMMARY

This study of melt densities in the NazO-FeO-FeZOr-Si02

system is a starting point for the investigation of the partial
molar volume of Fe203 in well-investigated silicate melt systems, using samples with well-characterized oxidation states.
Previous studies of the structure of melts and glasses in this

system have suggested that ferric iron is tetrahedrally-coordinated in these melts. Thus we consider the values of the
partial molar volume of FeZOr obtained from this study to
be the best estimates to date for the volume of tetrahedrallycoordinated ferric iron in silicate melts.
We have provided linear and nonlinear fits to these data
and our comparison of the fit errors to our best estimate of
experimental uncertainty indicates that a small excess term
is required to reproduce these data. The form of the excess
term is difficult to constrain but evidence for a negative volume of mixing on the NazO-SiOr join leads us to favor a
negative NaSi product term to best describe the data in the
Na20-FeO-Fe203-Si02 system. Excellent agreement between
the results of this study and those of BOCKRISet al. (1956)
leads us to combine the data sets for the fits. The resulting
NaSi excess fit of the combined data set results in the lowest
RMSD of all the fits attempted and reasonable values for all
the partial molar volumes.
The work forms a useful starting point for a systematic
investigation of the hypothesis that the partial molar volume
of ferric iron varies with composition. The decision of how
best to treat the calculation of the partial molar volume of
Fe203 and possibly, by analogy, A&O3 (GHIORSO and CARMICHAEL,1984) in silicate melts must await the results of
further work on compositionally-simple,
related systems.
Work is in progress towards this goal (DINGWELL and
BREARLEY,1988).
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