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PARTIAL MOLAR VOLUMES OF OXIDE COMPONENTS IN SILICATE LIQUIDS

. %
. -°S. A. Nelson - and _
I. S. E._Carmichael |

Lawrence Berkeley Laboratory o
.and '

Department of Geology & Geophy51cs
' University of California

Berkeley, California 94720

ABSTRACT

Densities of 21>si1icate liquids have.been determioed from 1000° to
1600°C. Tﬁe compositiona stodied contain from two to_eight oxide "
componenrs aodAhave’the following ranges in'composition (mole %)
$10,, 35-79%; Ti0,, 4-36%; AL,0,, 5-25%; Fe0, 11-41%; MgO,:7-v2‘8‘7o; |
Ca0, 7-357%; NaZO, 5—50%; and KzO, 4—20%.‘ The compositions thus cover
the upper range observed in magmas for each oxide. Precision for each de- .
termination of liquid density. is always better than %f17.

Volumes/gfw (gram formula weight) calculated from the density

measurements and the chemical compositions of the analyzed liquids

have been combined with data on 96 silicate liquids reported in the

literature. From this data set we derive, by using multiple linear

regression, partial molar volumes of the components'SiOZ, Ti02, A1203,

FeO, MgO, CaO, NaZO, and K20 at five temperatures. The standard deviation.

of the multiple regression is 1.8% of the molar volumes, which is
considered about equal to the. total errors due to compositional and
instrumental uncertainties.

These derived partial molar volumes have been used to calculate
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vqlumes/gfw'of'natural silicate liquid which are found to agree_within
lz_éf the measured values. No.éompositional dependence of the partial
;molar volumes can be detected witﬁin the erréf conéidered to be typical
of thé measuréments. This is further supported by tﬁe close agreement -
betwéen the calculated volumes of‘CéMgSi206 and FezsiO4 liquids‘derived
from the initial slopes of theif_fusion curves and their heats of
fusion, and the volumes obtained by summing the respective partiai
molar vbluméé. ‘The.éxperimental data indicéteJthat silicate liqui&s
mix ideally with respect to volume, over the temperature and.composition

range of this data set.
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INTRODUCTION

-AlﬁhOugh silicate liquids are tﬁe prima;? consfituents of magmas,
few systematic[aftempts have'been.made to .determine ;heir chemical
and physical pfoperties. The Present‘study“ié;part.of ap»effort.ﬁo
fill the gapsrin knowledge of silicate_liquid properties. Densities
of 21 siliéate 1iquids have been_determinéd as a funétién bf temperature.
This reporthdiscusses'the method ap& apparatus used in these determinations,
presenté the results of the expérimentsband,derives-aVconsistenf set

of relationships involving the compositional and temperature dependence

‘of density and volume in silicate melts.

Bottinga.and Weill (1970) have summarized the existing work on
silicate liquid density.determinapions.' From these data, those.authofs.
obtained a set ofxparfial molar volumes of oxide components in,silicate
melts which enable one to calculate the density or volume of any multi-
component siliéate liquid'within the compositional aﬁd temperature
range of the experiments at 1 bar. Most of‘the,existing»volume.data
involve systems wi;h two. or three oxide compénehts-(seevBottinga.and
Weill, 1970, for a-Summary'of these data) and none of the liquids
contained TiO2 as a component. ?hekpresent experiments.wére designed
to test the results of Bottinga aﬁd‘Weiil (1970) and to add to the
data set systems of_mOre~£han three components and also liquids cohtqining

Ti02 as a component.

EXPERIMENTAL APPARATUS

The apparatus used for the density determination is similar to

that described by Bockris et al. (1956). It consists of a'plafinum/rhodium

wound resistance furnace and temperature controller that operates



in the range of 500° to 160090._ The_furnace is mounted on a hydraulic
jack so that it can be raised and 1owerea, with the distance measured
on a micrometer dial gauge. A concrete platform mounted above the- ) ' -
furnace supportg-an electrqniq balance that has a precision of *0.001 g.
The silicate liquid sample,'in a platinum or iron crucible, is placed
in the furnace whose temperature is measured with'a Pt/Pt10%Rh thermocouple
‘calibrated perioaically at the.melting point'of gold. A platinum
bob, the volume of which is known at room temperéturé; i1s suspended
from the balance in the furnace atmosphere. The furqace and crucible
containing the silicate_liquid are raised until the tip of the bob
makes contact with the:suffacevof the liquid. The_contact causes
a deflection Qﬁ the balancé,,énd the point af Whichvthis occurs is
noted on the micrometer -gauge. Theh_the ctﬁcible ahd liquid are raised
a constant distance (2.5 or 2.0 cm) to submerge the Pt boﬁ, and the.
weight of the bob is read on the bélance. o : a
fhe'buoyanCy of ‘the bob (weight in air less weight in liquid)
can then Be used to calculate the density from the formula oé Archimedes:
p=(B+ 8V | . | (1)
where B = buoyancy of the bob uncorrected forvsﬁfface tension;:
P = density of the liquid,
S = correction for QUrfacé tension on the'emergent stem of

the Pt bob, | | | | | .

V(T) = the known submerged volume of the bob at the temperature (K).

of measurement.

3 b)

‘[ exp(-4.605 x 10~ + 1.293 x 10 "T -

290K
+1.0269 x 10 °7% - 3.2335 x 1031

In this case V(T) =V
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where the thermal expansion of pure Pt is taken from Waseda et al. .

290K

Pt bob measured at 290 K by weighing in air and correcting to vacuum

(1975) and Edwards et al. (1951), and V,_ ' is the volume of the submerged

and subtracting the volume of the non-submerged stem of the bob.

The effect of surfage'tension on the-emergeﬁﬁ stem of the bob
was eliminated by making runs on éach.lidﬁid composition using two
bobs with different volumés but with the same stem diaﬁeter. .Density N
waé then determined by first fittiné g_least sduares line. to the buoyancy-
temperature data on the large bob and then solyihg for density at
the méasured temperatufe of the smail_bob. The procedure was‘then
inverte&, first fitting alleast squéreé‘line to the small bob buoyancy
as a function of temperature and thén‘soiving for denéity_at the measured
temperature of the iargé bob. |

For compgsitions containing'FeQ_as a component, pﬁre Fe crucibles
wefe used to contain the liquid. N2 or'Ar'gas wés fhen passed through
the furnace tube four or five times per hour. Thus the oxygen fugaéity,v
although nét kndwn, would have been bufferea by the oxygen qontent'
of the gas and the Fe crucible.

Becaﬁse a plot of buoyancy-teméerature_should beviinear (Bockris
et al., l956),_the.éffect'of bubbles in the liéqiévér_adhefing to the
Pt bob could be detected by deviationg from 1inearity. - A drastic
change in oxidation state of Fe in the Fe—bearing cbmpogitions or
a loss of FeO from the liquid should aiso shdea deviation from linearity.
Thus, compositions were run until‘a gtraight line relationship between

buoyancy and temperature was reasonably assured.
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K2C03, and Na 5103,9H

SAMPLE PREPARATION

,» Al,05, Fe, Fe,05, MgO, CaCOy, N§2¢o3,

O powders were used for preparation of the

- Reagent grade Si0O_, TiO

2

liquids. The powders were weighed in the proportions reQuifed and

2

then mixed in glass jars. For all synthetic compositions, except

those containing Fe, the mixed powders were .then fused in a large

Pt crucible at 1500° - 17OOOC in a glass-making furnace. The liquids
were then checked for bubbles periodically, and when a bubble-free
liquid was obtained, it was poured into a graphite mold and quenched

to a glass. The glass block was then broken into large chunks that

" were placed in the smaller Pt crucibles and heated in the furnace
until all bubbles were again exsolved. After determining the density.

of each liquid by the method described above, the liquids were poured

onto a graphiﬁe slaﬁ, qﬁéncﬁed; crushed,  and énalyzed by the méthoa
of Carmichael (1970). | | | |

For compogitions éontaining FeO, the.procedufe was somewhat different.
The mixed powders were placed directlf.into the Fe:cruéibles and heated
in a vacuum furnace for up to 12 Hours at teméeratures of 13009'—
1400°¢. After.cooling'undér vacuum, the‘resulting glassés weré placed
directly.in thé>expérimenta1 furnace>in the presence of.-N2 or Ar gas
and density wés measured as described above. The liquids were theﬁ
cooled in the furnaceAin the presence of the gas, céfed éut-of the -
crucibles, and analyzed. A sampie-of a.Kilauéa lava was cfushed'to
ponér, plaéed ip the Fe crucible and run Aftér the bubbles.had beeﬁ
removed at 1300° - 1400°C.

' The analyses of the investigated liquids are presented in Table I.



They include 2 tWo-component'systems, 8 three-component systems, 6
four-component sysﬁems, 3‘five—component systems, aﬁd'l seven—component
systém, as well "as the hafural coﬁposition.contéining all of the-§xides.
The choice of compositidnslwas limited’by two factors: first, the
liquidus Cempefatufes were required to falllwithin the controlled
tempefature rangg'of the furnace, gnd‘secona,_the viscosity of the
liquids had to be low-enough that_bﬁbbies.éould succeééfuily'bé remové&
and the Pt Sob could setéle.;o its reéuiréd depth within a reasonable
amount of time..

RESULTS

Equations of'specific»vélume as a function of temperature for
each of ;he,éompositions studied are presented in TableHIi.. Thesé-
equations wefe 6btained By fi;ting a.straight line through the tﬁo
sets‘of-density dé;a obtained from each of the two bobs. Three_e#@mples
of the data used to fit the density-temperature equations are éhown
invFiguré 1, where a worst c&se,vintermediate cése, énd best_casev
are shown. Thé most scattered reéults_were obtained‘on.compositions
2 and 15, the most viscous liquidé studiedﬁ Nevertheless, the maximumv
deviation froﬁ the ieast squares iine for composition 2 is within‘
0.85%, indicating that thé preciéion for all 6f the determinations
is well within il%.l Attribuﬁing reasonable uncertainties to the various
parameters in Equation 1, an.unéertainty_can be obtainéd for the density

of any composition due to instrumental error. For example, if for

the sodium,siliéate liquid (NS) at a temperature of 1370 K, the buoyancy

measured with' the largevbpb is 2.766 £ 0.002 g, that with the small

bob is 1.420 + 0.002 g and as the respective volumes of the bobs (at
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1370 k) are 1.2445 £ 0.001 cm3 and 0.6610 * 0.001 cm™, then the density

is 2.307 with an uncertainty of * 0.0074 or * 0.3%. Thus the uncertainties
in the measured density or specific volume due to propagation of errors : o
are within the limits of reproducibility.

PARTIAL MOLAR VOLUMES

The partial molar volume of any component 1 in a solution is

defined as:

vy T (av/ani)P,T,nj

where V is the total volume of the system,

and n is the number of moleS'of the component i or the components-

j which.do'not include i.

In practice, partial molar Qolumes are difficult to determine, espeéially
in systems conta;nihg as many as.eight components. The most systematic
method of détermining any compositibnal dependeﬁce of the partial ﬁolar
volumes would be to use the method of Darken (1950) amd make measurements
along pseudo-binary joins where the ratios of all other components except
those involving the component of interest are held constant. This approach,
hoﬁever, is limited by the fact that ih order to measure enough pseudo-
binaries to completely describe an eight-component system, an inordinate
number of experiments are réquirea. Furthermore, compositions near end
member oxides are often not accessible to expérimental invesfigation due to w

their high melting temperatures or to their thermal decomposition.



" dependence of the partial molar volumes of SiO

Riebling's (1966) study of the system Na, O - Al,0, - 5i0, offers

2 2

a view of a three-component system in terms of several pseudo-binaries.

His raw data along the pseudo-binary SiO2 - (0.5 Na203, 0.5 A1203)

shows an apparent compositional dependence for VSiOZ gnd vNaAlSi308'
However, within his quoted experimental error (0.5%) any compositional

2 and NaA181308 vanishes.

,0 = §i0,, K,0 - 8i0,, Ca0

- 5i0,, and Mg0 - Si0, studied by Bockris et al. (1956) and Tomlinson

Similarly in the two-component systems Na

et al. (1958), no compositional dependence of Gi of the oxides can

be seen within the precision of replicate experiments (up to 1.1%).

Thus, these data suggest that theipartial molar volumes of oxide components

in these silicate‘liquids aré‘independent_of composition within the
experimental error of density measurement. There will also be an

error arising‘from the uhcertaintieé in the cbmposition of each iiquid,
which Bockris et al. (1956) estimate as 0.07%, but present ﬁo data

to support this. Oniy one in féur of their_compositions was.analyzed,
and these contained up to 0.7 weight percent C02._ Asvthe precision

of the best chemicai techniques of the analysis of oxide components

in silicates 0.4 tO»ZZf(Cérmichael et al., 1968) depending on their
concentration, we estimate a total error of 1-2% arising.frbm error

in measurement and composition.

The partial molar volumes of the oxide components in silicate

liquids have been calculated using the relationship

where V is the volume of a gram formula weight of the liquid, obtained

by multiplying the specific volumes given in Table II by the gram
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formula weights (Table'Ij of the respecfive-compositiqns, ;i is the
partial molar volume of compénent i and Xibisbthe'méle fraction of
compoﬁent i.

By combining the'specific_voluﬁes‘fdr 20 liquids (Table II, excluding
the Kilauea basalt, KilZ),'multipiiéd by théif.respectiV¢ grém formula’ |
weighﬁs, with the 96 sets of published data (Shartsis et al., 1952;
Bockris et al., 1956; Tomlinson et al., 1958; Barrétt and Thomas,

1959; Henderson, 1964 ; and Riebling; 1964, 1966), values.of Vi at

five ﬁemperatures were obtained using the Statistical Package fbf

- the Social Sciences multiple linear'regression’progrém in the SPSS
version 7.0.softwaré package (Nie et al., 1975). The regressed values
of Vi for eight,oxide components at five different tempera£ufes are
given in Table III;- At each temperature the multiple rz.value was -
greater-than 0.9994 for the 116 sets.of data,.and,fhe largest -standard
deviation of the residuals of the regression equation was 0.551, whichv
corresponds to 1.8% of the molar voluﬁe at each,temperéture..~This value
of 1.8% 1is close‘to our estimate of the overall errors fﬁr the‘typical
measurement (lthZ), so that an& compositionalvdependenceof Gi is not
presently warranted,fand the use of multiple linear regression is
justified. Since only Henderson (1964) has determined specific volumes
for compositions containing Fe203 and be;ause_the mole fractions of
Fe203 in hislliqﬁids Were never greater than 0.0146, we made no attempt
to calculate the partial molar Qolume of Fe293. For all compositions

. the recommendation of Bottinga and Weill (1970)
3

that contained Fe203,

= 50.32 + 1.02 x 10 "T K (cm3/mole) was taken. . The contribution

that VFeZOj

of Fe, O

205 to each volume was first subtracted from the molar volume/gfw

I
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"before including them in the data set for regression.

The values of Gi in Table III were calculated without an&-weighting,

so that with only eight compositions containing Ti02,,the regression

coefficient for TiO tended to be disproportionately affected

2’ VTiOZ’
by random errors in all of the other components._ The value of. the
standard error for-VTioz (Table III) is larger, in our opinion, than
the error from the experiments and the uncertainties in the compositions.
Thus another regression was performed after weighting, soméwhat arbitrarily,
the daéa in this manner: weighting factors were determined from the
reciprocal of the numBer of two, threé; four and five-component liqﬁids
in the data set. The weighted partial mol&r volumes (Table III) (obtained
again through multiple linear regression) }ie within the bounds of
the unweighted Vi's. The notable difference befween the two sets
éf coefficients is that the standard efrors for partial molar,vblumes
éf the oxides are much less in the weighted‘set, particularly for
TiOZ'- | |
Bottinga and Weill (1970) have calculated the partial molar volumes
of oxide components in silicate liquids using substantiélly the same
data set less our new resuits which>inc1ude TiO2 as a component.
However, they used a stepwise technique, in that they used binary
systems to derive the appropriate partial molér'volumes of two components
and then with these two V;Iues known, the V of a third component in
a ternary system was caléulated. ‘As ourvmethod of regression, weighted
or unweighted, treated all of the data simul;aneously, it is not surprising

that the two sets of calculated partial molar volumes differ. This

is shown in Figure 2, where our unweighted partial molar volumes,
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plotted with two.standard erfors oﬁ either side 6flthe mean value,

are shown as a funcfion of tempefature; the respective values of Bottinga .
ana Weiil (1970) dre also plotted. Overall tbe.agreement between

~our results and those of Bottingé and Weill ié good; the major differences .

" resulting fr?m the differeétvrggréssion'téchniques used. GA1203_is
éignificantly lower than Bottinga aﬁd Weill's value below 16OOOC,

and has a greater temperaturevdependencé; similarly ;Cao also has

,é greater temperature éependenée. Our valués for Gsioé,show no statistically.
significant chaﬁgevwith temperature. Bottinga and Wéill's estimate -

of the value of ¥ (i.e., from anatase) is within the errors of

_ TiOy
our célculated value for the unweighted data.

From the partial molar volumes given in Table IiI,.tﬁerﬁal'expansions
of ;i can be calculated. These are not’strictlyApartial molar expansivities,
for ﬁhey,were calculated from the relationship (I/Gi)(agi/aT)P, rather
than from regression of (1/V)(8V/8T)P fof each liquid composition.

In general it 1is experimentally difficultrto.obtain précise values

of a differential property; e.g., thermal expansion and cbmpfeésibility,
“from an integral property such as volume. Neverthéless, calculated

- values of the thermal expansion .of the partiai ﬁolar leuﬁes are given
in Téble IV, which are consistent with the volumeé_given in Table

III. Unlike the typical behavior of thermal expansion of siiicate
solids, the values for silicate liquids show a decrease with temperature,

although this difference could arise solely because of the experimental

assumption that buoyancy is a linear function of temperature.

[
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EVIDENCE FOR EXCESS VOLUME IN SILICATE LIQUIDS

The excess volume of a component in a phase, in this case a silicate
liquid, is defined as

gXS =y - V,
i i i

wbere Vi is the ﬁaftial molar volume of ‘the i component, and Vg is
the molar volume of the pure component i at the same temperature énd
pressure. If G?s is zero, 1 can be said to mix ideally with respéct.
to volume.

Experimentally it has proven difficult to measufe density of
pure liquid oxide components, féf the? may'decompoée at'high temperatures
(e.g., KZO) or tﬁey may melt at temperatures which are sé High (e.g.,
“Mg0, 3125 K) fhat they are normally inacces;ible to measurement. Furthermore,
the change of density with temperature must be well known if the values
of liqﬁid oxide densities afe-to-be extrapolated down into their metastable
region appropriéte to the températures (1523 ;1873 K) of the multi-.
component silicate liquids of this investigation.

However, a 1es§ rigorous test of excess volume is aVailable, 
namely thgt with the partial.molar.volumes derived from two or more -
component,siliéaﬁe systems (Table III).it should be possible to calculate,
witﬁin analytical uncertainty, the volumé/gfw,of complex silicate
liquids éuch as those occurring in nature. We have measured the density
of a Kilauea baséltic liquid (Tables I and II). In Table V, the measured
values of volume/éfw are compared wiith the calculated values using
fhevunweighted data of Table IIL. Furthermore, Murase and McBirney

(1973) have measured the liquid densities of five lava compositionms.
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Howeﬁér, in only two of these .is the oxidation state of Fe known in
the quuia, and for their'ﬁwo compositibns run in Fe‘crqgibles, the
measﬁred and calculated vélues-éf volume agree to within iZ (Table Vj.
In the calcul&tions v , and ﬁhe

‘was taken equal to that of ¥

MnO FeO

contribution of P,0g to .the liquid volume was ignored, for it is present

“in only trivial émounts; However, although the agreement between
the calculated volumes/gfw uSing‘the weighted partial mélar volumes
(Table III) is slightly better ﬁhan for thé unweighted data when éomparéd
to two of the three 1iquids (Table V),.the ;omparison with the volume
- of the sYntHetic.luﬁaf liquid is less good, presumably becadsebdf
Tibz_which was weighted heavily in the regression.- Fo; this reason
~we have used the unweighted data throughout.
The cohéordance over the compositional range of basalts and lunar
basalts, betweep measured and calculated valués Qf volume;'is_necéssary.
but not sufficient evidence for the absence of excess-Voluﬁe,'or alterﬁatively
for the partial molar volumes not beiné compoéitionaily dependentv.
within the investigated range of temperature and composition. Additional
evidencé'is given in Table VI, where the vélue of Vg is_given'for
CaMgSi SiO4 liquids at their‘l—baf melting temperatures.

2O6 and Fe

The values of Vg have been‘galculétedffrom the relationship

2

(d'_I‘/dP)T = TmAVm/AHm
m > 1 bar

where dT/dP is the initial slope of the'fusion.curve,-AVS and- AHS are
- the volume and heat of melting respectively, and T“i is the melting
temperature of the pure solid compound of interest .at 1l bar. Values

of AHg are known for both diopside and fayalite (Weill et ‘al., 1979;

3



)
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Orr, 1953), as are the slopes of their fusion curves (Table VI) so
that if it canvbe deﬁonstrated, for the example of'CaMgSi206, that
AVJ calculated from the Clapeyron slbpe is equal to AVm calculated
o

from the volume data of Table III, then for this component)lvi,= Vi

Formally the equation is

= (3 S ] S y - y© .
Y = (cao * Yugo *‘2"3102) Visolid

and as can be Seen in Table VI, the agreement between ZVi and Vi for

the components FeZSiOA'and CaMgSi206 is satisfactory. This again

suggests that multi-component silicate liquids mix ideally with respect

to the volume of their components.

. However, as volume is an integral.property, it will not be the
most senéitive property to illustrate the behavior of silicate liquids
on mixing. For this pufpose, compressibility measurements, which can
be made ditectly using ultrasonic techniques, should be the more reliable.

The individual results of Bockris and Kojonen (1960) and Baidov and

“Kunin (1968) show a considerable dependence of compressibility on composition

in the system K20 - SiOz, but the two‘setg of data at the same temperature

show such a large scatter that any conclusion is uncertain. The compressibility
of silicate liquids as a function of temperature and composition is

presently being investigatéd in our laboratory.

Overall we conclude that swithin a 1 - 2% uncertainty, and within

"the temperature and composition range studied, there is no secure

evidence for a compositional dependence of Vi, or alternatively there
is no evidence for an excess partial molar volume. This suggests

that, until measurements are made of compressibility, multi-component
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silicate liquids may be considered to mix ideally with respect to
volume. As there is a heat of mixing (Weill et al., 1979) but no -
 _excess heat capacity (Carmichael et al., 1977) in multi-component .

silicate liquids, théy perhaps may be treated as regular solutionms.

SUMMARY AND CONCLUSIONS .|

Density measurements have been carried out on synthétic silicate
liquids. These measurements, when combined with dénsity values reported
in the literature for 96 other comﬁositions, are.used to calculate
partial molar volumes of oxide components in silicate liquids. These
calculated partial molar vélumes can be used to calculate the volumes/gfh
or densities of naturaily occurring compositions to a precision of
about the same as the expefimental error. Within the range of temperature
and.compositionvof the data set, silicate liquids mix iﬂeally[with
réspect to volume within a l = 2% experimental error, a concluéion N
also reached by Bottinga and Weill (1970). = This conclusion should
not be used to suppért theories 6f silicate liquid structure until
more measurements of compressibility as a function of temberature

and composition are available.
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' FIGURE CAPTIONS

Fig. 1  Three exémples of the raw density data for the indicated -
compositions, showing the best fit line determined by least

squares. Error bar represents * 1% at the indicated position.
sq P P ,

Fig. 2 Partial molar volumes of eightboxide components from Table II.
Shaded region represents‘ 2 standard errors about the.mean
for the unweighted. data. Dots are the values reported'byv

Bottinga ahd'Weill (1970)..-
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TABLE II

SPECIFIC VOLUMES OF COMPOSITIONS STUDIED

V=a+bTK
- Composition cra - be105 : Composition o a , bxlO5
cclg cc/gk - : | cc/g cc/gK.
Ns 0.3626- 5.163 11 | 0.4207  1.753
XS o 0.4348  1.555 12 | 0.3464  4.288
1 0.3421 3.456 13 0.3614 1.561
2 0.3542 13.360 14 | 0.2284  6.262
& 0.3378 1.987 15 0.3935  2.889
6 _ 0.3287 - 5.949 16 0.3138  3.271
7 | 0.2103 7.263 7 0.4141 ~ 0.282
8 ©0.3450 4806 20 0.3838  1.662
9 0 0.4259 0.635 21 0.3579 1.456
10 0.3756 2.501 22 03153 3.973

Kil2 , 0.3021 3.973
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.TABLE IIT

cc/mole - Numbers in parentheses represent one standard error

1250°C 1300°C 1400°¢C - 11500°¢ 1600°C

Unweighted | _
510, 77670 T8) 27.25(0.18)  27.19(0.18)  27.16(0.22)  27.12(0-27)
Tio,  21.71(1.05)  22.02(1.02) = 22.63(1.06) - 23.24(1.25)  23.84(1.54)
A1L,05  35.45(0.44)  35.71(0.43)  36.23(0.44) 36.80(0.52)  37.37(0.65)
FeO 12.250.32)  12.39(0.31) 12.60(0.30)  12.92(0.38)  13.19(0.47)
MgO 11.79(0.40)  11.90(0.39) iz.o9(of41). 12.28(0.48)  12.46(0.60)
ca0  15.19(0.28) 15.51(0.27) 16.16(0.28): 16.80(0.33)  17.45(0.41)
Na,0  27.51(0.30) 27.87(0.29) = 28.57(0.30)  29.28(0.36)  29.97(0.44)
RK,0  43.70(0.66) 44731(0.64)_ 45.50(0.67)  46.69(0.79) 47.87(0.97)
Weighted

510, TR0 T T TR0 TS 2T TA(0 T T TI(0 16y 27 07(0 T
Tio0, 23.57(0.59)7 23.84(0.57)  24.37(0.58)  24.88(0.66)  25.36(0.80)

| A1,0, ° 35.85(0.32) 36.1100.31)  36.64(0.32)  37.21(0.36)  37.79(0.44)
FeO 12.38(0.23) 12.60(0.22) 12.97(0.22)  13.48(0.26) = 13.92(0.31)
MgO 12.17(0.32)  12.16(0.31) '12.15(0.32) 12.13(0.37)  12.12(0.44)
ca0  15.21(0.23)  15.52(0.22) 16.15(0:23)  16.77(0.26)  17.42(0.31)
Na,0  27.54(0.26)  27.88(0.25) 28.56(0.26)  29.24(0.30)  29.92(0.36)
K,0 45.17(0.54)  45.68(0.52) *,46;66(6.53)‘ 47.67(0.60)  48.69(0.73)



-27-

- TABLE IV
THERMAL EXPANSIONS OF THE PARTIAL MOLAR VOLUMES

o, =a+bTK

i _ .

a x lO4 b x 108
Ti0, - - 3.87 -7.07.
A1,0, o 1.89 | -2.24
FeO ' 2.86 ' : -4.40
MgO - : 1.98 o -2.43
Ca0 _ . 6.58 -15.40
Na, , _ 3.45 ' © -5.93
K. 0 - S 3.73 . -6.67

Si0, is not included as dv... / dT = 0 within the error
2 . §i0, ‘ _

reported in Table III.
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TABLE V

COMPARISON OF MEASURED WITH CALCULATED VOLUMES (cm3/gfw)

" FOR NATURALLY OCCURRING LIQUIDS

1573 K

Kilauea basalt
(Tables I and II)

- Unwtd.
Measured - 23.19
Calculated . 23.25
(Table III) '

% difference . +0.3

Columbia River basalt

Murase and McBirney (1973)

. (run in Fe crucibles)

Measured . 23.88
Calculated 23.71

% difference ' -0.7

Synthetié.lunar sample
Murase and McBirney (1973)
(run-in Fe crucibles)
Measured 21.52
Calculated 21.59

% difference .+0.3

. Wed.

- 23.19

23.25

+0.7

23.88

23.79

21.52
21.81°

+1.3'

1673 K

Unﬁtd.
23.44

23.42

-0.1

24.06

23.87

21.59

21.78

+0.9

1773 K

wed. Unwtd.  Wtd.
23.44 23.69  23.69
23.52  23.62 23.72
+0.3  -0.3 +0.1
24.06 - -
23.97 C- -
-0.4 - -
21.59 - -
2200 - . -

+1.9 - -

<
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TABLE VI
CALCULATED VALUES OF AV°(V7-VJ) OF FUSION AND

COMPARISON WITH ACHNE ngUSING’LIQUID OXIDE COMPONENTS (Table III)

o - o
: i AHm AVm 2 (Vi ) L—V-S .
(dT/dP)l bar cals.. cals./bar cals./bar % Diff.
CaMgsi,0, £0.0157 34085 0.3215:0.004  0.3248 -1.0
Fe,Si0, 0.0062 22030  0.0917:0.004  0.0887 +3.3
v » Data from Rosenhauer and Eggler (1975), Weill et al., (1979), Orr

Lindsley (1967), Skinner (1966), Boyd and England (1963).
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