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Effect of alkalis, phosphorus, and water on the surface tension of haplogranite melt
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ABSTRACT

The sessile drop method has been used for measurements of the surface tension of haplogranite

(HPG) melts containing an excess of alkalis and phosphorous (HPG8, HPG8 + 5,@1% Wit%

Na,O, 20 wit% NaO, 5 wt% K0, 5 wt% RBO, 5 wt% CsO, 10 wt% ROs) and of Armenian rhyolite

in the temperature interval, 650-16%5, and at 1 bar pressure. Sessile drops were placed on graph-
ite substrates in a Pyrox tube furnace purged with Ar. Drop shape was monitored with a videocamera
and stored in a videorecorder. The surface tension was calculated by measuring the two principal
radii of curvature of the drop shape in vertical cross section. The precision of the method was checked
against the surface tension of water. The surface tension of HPG and rhyolite melt is ~286-300
mN/m in the temperature interval 1200-1400 Temperature dependence of the surface tension of
haplogranite melts and rhyolite is weak and positie@d@l = 0.06 to 0.09 mN/mC). Addition of 5

wit% of alkali oxides (except kO) results in a decrease of the surface tension of haplogranite melts.
The HPG melts with 10 wt%,0; have 30% higher surface tension than haplogranite melts with
excess alkalis, and a negative temperature derivat/d{d —0.1 mN/m?C). The HPG melts with

20 wt% NaO and 5 wt% LiO exhibit a decrease in surface tension with temperatardTd —0.02

and —0.10 mN/mC, respectively).

The surface tension of HPG8 melt saturated with water at 1-4 kbar was measured on sessile
drops quenched at high pressure in an internally heated gas vessel at temperatures of 800-1200
Water pressure significantly decreases the surface tension of melt from 270 mN/m at 1 b&€)1000
to 65 mN/m at 4 kbar. At 1 bar in “dry” conditiong/dT = +0.056 mN/mfC and at 3 kbar of water
pressure, d/dT = +0.075 mN/mJC. The decrease in the surface tension of HPG melt at a water
pressure of several kbars is from —10 to —30 mN/m/wi@. Fihe increase of water content to more
than 10 wt% in granite melts may not result in any significant decrease in the surface tension, which
may be explained by formation of a surface sublayer having physical properties very distinct from
those of the bulk.

INTRODUCTION and heterogeneous nucleation theories where the surface ten-

The surface tension between magmatic melt and a saturafiff! Pétween melt and gas is incorporated in the calculation of
fluid phase is an important parameter influencing nucleation af¢'eation and bubble growth (Sparks 1978; Toramaru 1990;
growth of bubbles in natural magmas. During decompressibY\aChOVSky et al. 1996). Crucial in Fhese calcu_latlons is the in-
and degassing of shallow magmas, the nucleated vapor pﬁg@ce of vapor phase on the physical properties of the surface
expands, often contributing to the intensity of explosive volcaR¢tween the melt and vapor. Furthermore, from rheology theo-
ism. In order to estimate nucleation rates and critical sizes't§S for soft inclusion suspensions, we know that the ratio of the
vapor embryos, an experimental data base is needed for the Y§FOUS stress to surface tension (Capillary numbBer/o,
face tension between the silicate melt and a vapor phase (&/§ereD is the size of a bubbl€,the strain rate of flowy the
Bottinga and Javoy 1991; Hurwitz and Navon 1994). This ghear viscosity, and the surface tension of the interface) char-

emphasized in volcanological applications of both homogenedifderizes the ability of bubbles to deform in a shear flow. Thus,
knowledge of the surface tension provides input for the estima-

tion of the time-dependent rheology of bubble-bearing magmas
and rheological instabilities in viscous lava flows (Bagdassarov
*E-mail: nickbagd@geophysik.uni-frankfurt.de and Dingwell 1993b; Manga et al. 1998).
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BACKGROUND face tension as low as 40-35 mN/m without noting any tem-

The surface tension of natural silicate melts was studiedP@ature dependence.
1 bar by the detachment of right cylindrical bobs in melts of FeW experimental studies have been conducted to assess
initially vitreous and crystalline basalts, Mount Hood ande&€ wetting angle between alkaline-bearing silicate melts and
ite, and Samoa limburgite (Walker and Mullins 1981), and tﬁyystals at high temperatures. This is unfortunate because
the detachment of a Pt pin in the Di-An system (TanigucKPOWledge of this wetting angle would enable the choice of a
1988). The sessile drop method was used to measure the gyitable substrate for sessile drop studies. The wetting angle
face tension of Columbia River basalt, Mount Hood andesiteW&s measured between basaltic melt and different crystalline
rhyolitic obsidian from Newberry crater, and a synthetic lunsubstrates by the use of the optical visualization of sessile drops
sample (Murase and McBirney 1973). The temperature depélﬁhitarov et al. 1979), and between silicate melts containing
dence of the surface tension reported in these studies vaft@s i, Na, or K:and olivine crystals by the use of the interfero-
significantly. Walker and Mullins (1981) reported a rather wedR€tric technique (Wanamaker and Kohistedt 1991). The pur-
positive temperature dependence of all studied melts in the td¥iSe Of the present study is to characterize the surface tension
perature interval 1200-150C: ¢ = 360—350 mN/m, a/dT = of haplogranite melts and the effect of excess alkalis and water
+0.03 0.02 mN/mfC. For pure diopside melt, the thermal cousing the experimental technique of a sessile drop at 1 bar and
efficient of the surface tension is positive (+0.046 mRG)Y at water pressures up to 4 kbar applied earlier to basaltic melt
however, as the amount of the An component increased, {{&itarov et al. 1979).
temperature dependence was shown to be strongly negative
[-0.106 mMN/m?C for Dig, to —0.38 mN/mJC for Diy, EXPERIMENTAL METHOD
(Taniguchi 1988)]. In the study of Murase and McBirney (1973),
the observed temperature dependence of the surface tensioffxperiments at 1 bar were conducted in a Pyrox-tube fur-
was 10 times larger (from +0.2 to +0.3 mN/@) than in any Nnace purged with Ar gas. The gas was passed through the fur-
other silicate melt. In general, aluminosilicates possess a rathage at a flow rate of 50 ¢fmin. Inner diameter of the
weak positive temperature dependence of the surface tendis-ceramic tube is 24 mm. The furnace has two flat optical
[< +0.1 to +0.15 mN/niC (e.g., Weirauch and Ziegler 1996)]. windows made from quartz glass on both sides. Sessile drops
The surface tension of silicate melts in general decreases Wit#f€ placed in the center of the furnace on substrates made
increasing silica content (Kozakevitch 1959). It may vary onfjom spectral quality graphite (RW405, SGL-Carbon, Ger-
from about 350 to 300 mN/m, if Sis greater than 65—75 Mmany). Substrates were machined in the form of discs 12 mm
Wt% (King 1951; Popel and Esin 1957; Sharma and Philbro8k diameter and 3 mm thick. Graphite is one of the materials
1970). The small increase in the surface tension with increRgoviding a contact angle >9@vith silicate melts. Sample
ing content of basic oxides has been explained by the low sgiasses of haplogranitic compositions (see Table 1) were fused
face tension of silica itself. In contrast, corresponding incread&@m mixtures of oxide powders by using a procedure described
in shear viscosity or electrical conductivity of melt that aclsewhere (e.g., Knoche et al. 1992). Cylinders of glass 8 mm
company the addition of basic oxides to silica melt are mubth diameter and 7-9 mm in height were drilled out from
more significant (King 1951). haplogranite glass batches. The weight of samples used in the

The surface tension of magmatic melts in the presencesgssile drop experiments ranged between 4.7-5.1 g. Samples
volatiles is quite variable. The surface tension of basalt (quaffZArmenian rhyolite were drilled directly from a cobble of the
tholeiite) from Kamchatka was measured by Khitarov et @bsidian. Chemical compositions of samples were analyzed by
(1979) both by a sessile drop method at 1 bar and from quencBeliition-based ICP and electron microprobe methods. Details
sessile drops at water pressures up to 5 kbars. At 1 bar pedprocedures for chemical analysis were reported in previous
sure, the temperature dependence of the surface tension is gpeblications (for haplogranitic glasses with an excess of alka-
tically zero (< 0.01 mN/miC), which allowed these authors tolis, see Hess et al. 1995; for haplogranitic glasses with phos-
use quenched sessile drops for estimation of the water presgiiterous, see Dingwell et al. 1993; for Armenian rhyolite, see
effect on the surface tension. Bagdassarov and Dingwell 1993a). Cylinders of glass were

The effect of water on the surface tension turns out to beated up to their melting temperatures at which they deformed
very significant. Under “dry” conditions (pressure of nitrogen}o subspherical shapes. The shape of the sessile drops was
the surface tension of quartz tholeiite decreases from 400 mingnitored with a Sanyo VCC-2972 videocamera and stored on
m at 1 bar and 125 to 300 mN/m at 5 kbar. This effect alsca Panasonic AG-67A-E videorecorder with programmed time-
may be attributed to the dissolution of nitrogen gas in the ssteps. The videocamera was aligned optically with the axis of
face layer. The magnitudes of the difference in gas solubilitiye furnace by using a screen-mark and a pointer source of
between bulk and surface concentrations might be significalight directed from the opposite optical window. At tempera-
At 5 kbar water pressure, the surface tension of basaltic nteltes above 95€C, a sessile drop emits black-body radiation.
decreases to 90 mN/m (Khitarov et al. 1979). The authors kndw view the profile of a sessile drop a diffuse source of light
only one reported estimate of the surface tension of water-besas used from the opposite side of the videocamera optical
ing granite melts (Epel’baum et al. 1973). The estimated swindow. Sessile drops were monitored with and without an
face tension of Rapakivi granite melt at 9&Dwas 71 and 67 optical filter. The differences in the observed drop dimensions
mN/m for 4.48 and 5.41 wt% of, B, respectively. For the sys-were less than the uncertainty in the surface tension calcula-
tem Qz-Ab-Or-HO, these authors reported values of the sutions. The video images of sessile drops obtained during the
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TaBLE 1. Chemical compositions of glasses

Oxide Rhyolite HPG8  HPG8+5 HPG8+5 HPG8+5 HPG8 +5 HPG8+5  HPG8+20 HPGS + 10
(Armenia) W% Na,O  wit% Li,O W% K,O  wit% Rb,0 W% Cs,0  wi% Na,0  wi% P,Og*

SiO, 756 (0.6) 78.6(0.4) 74.1(0.4) 73.2(0.3)  74.6(0.8)  74.2(0.7) 74.2 (1.3) 62.4 (0.4) 71.1(0.3)
TiO, 0.2 (0.1)
AlLO, 12.9(0.3) 125(0.2) 11.7(0.6) 12.9 (0.3) 11.8(0.8) 12.6 (0.4) 11.6 (0.7) 10.1 (0.3)  11.3(0.2)
FeOt 0.9 (0.2)
MnO 0.2 (0.1)
MgO 0.2 (0.1)
ca0 1.0 (0.1)
Na,O 4.1(0.7) 46(0.3) 9.0(02)  4.3(0.3) 4.4(0.8) 4.8 (0.4) 235(0.2) 3.8(0.4)
K,O 4.6 (0.5) 42(0.2) 4.4(09)  4.4(0.2) 9.2 (1.0) 4.3(0.2) 4.0 (1.0) 3.4(0.2) 3.7 (0.4)
P,Os 9.5 (1.0)
Cs;0 4.3 (1.0)
Rb,0 5.2 (0.9)
Li,O 4.9 (0.4)

Total 99.7 99.9 99.2 99.7 100.0 101.1 98.4 99.4 99.4
p, glem? 2.313 2.334 2.354 2.355 2.353 2.359 2.390 2.467 2.250
o - 109°C 25 33 56 70 59 43 a4 99 27

Notes: Average of 8-10 ICP-AES analyses, numbers in brackets are standard deviations (Hess 1996). Density p at 22 °C was measured by the
Archimedean double weighing method in air and toluene, coefficient of the thermal expansion a, of these compositions was measured in a dilatom-
eter (Knoche et al. 1995).

* Average of 10 microprobe analyses Cameca SX-50, 15 kV, 15 nA, 20 pm spot size, 20 s counting time.

T Total iron as FeO.

FIGURE 1.(a) Calibration of the sessile & 340
drop method at room temperature by using L PR IN
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agreement with the table value 72.8 mN/m standard error [ ]
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oxides on the surface tension of HPG melt. 65 .
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and viscosity (Hess et al. 1995). Closed 00 310
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HPG + 5 wt% RKEO, open squares = HPG
+ 5 wt% K,O. Error of surface tension
measurement is about the size of large © —— L III-'.T
symbols. €) HPG (closed large squares)
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P,Os to HPG melt (open diamonds) results in an increase of the surface tension and its negative slope with tentf)efameffgct of 5
(closed large squares) and 20 wt% (closed circlesPNm the surface tension of HPG melt (open diamonds). Addition of 20 wt® Na
provides quite different surface and bulk structural units in HPG melt.
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run were stored in a PC and analyzed with the Image ProcessTo estimate an absolute error of the method, a calibration
ing Code (DIANa Bildanalyse). Gray images were convertedas done using sessile drops of distilled water 8€25essile

into binary images anxtz-coordinates of the sessile drop prodrops of different size were monitored and the surface tension
file were generated from the boundary pixels of a sessile diopm these experiments is compared with the table value in
image. The coordinates were scaled against a reference~igfure 1A. It is important in using the sessile drop method to
known dimension with a precisiat0.001 mm. As a reference choose a proper drop size (Sangiorgi et al. 1982). If the initial
we used an ADs-plate (Al23, Frialit-Degussit, 14 mm in di- volume of a drop is too large, the sessile drop breaks into sev-
ameter) whose dimension was measured at room temperatred smaller droplets because the gravity effect is higher than
and the thermal expansion coefficient is known. X{zecoor-  the surface tension. If the size is too small, the error of the
dinates of the drop profile were analyzed with the FORTRABUrface tension measurements is too high because the defor-
code described below. mation of a drop from gravity may be negligible.
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In the sessile drop method two parameters of the drops maisting a certain period of time depending on the shear viscos-
be measured: horizontal equatorial diameter and vertical apgxof melt. This procedure is necessary to ensure relaxation of
height. For the water drop, a horizontal diameter 5.5-5.9 nthe drop shape. The time necessary to attain a relaxed sessile
provides an absolute experimental error of less than 6 mNdrop shape can be calculated as follows:

(see Fig. 1A). The mean measured value of water surface ten-

sion at 22C is 73.4 mN/m, which is in satisfactory agreement ¢ = Dn 1)

with the reported value 72.8 mN/m at 20 °C (Weast et al. 1965). o

For experiments on silicate melts at high temperature, we estheren is the shear viscosityg, the surface tension, afmithe

mate that the absolute error of the surface tension measutie@meter of a drop. The viscosities and densities of these
ment is£5 mN/m. The relative error, however, amondaplogranite melts have been determined in separate experimental
measurements conducted on the same sessile drop at diffesardies (Hess et al. 1995; Dingwell et al. 1993; Bagdassarov and
temperatures does not exceg@l5 mN/m. This variation of Dingwell 1993a; Hess and Dingwell 1996). For calculation of
surface tension is measurable by the sessile drop method. the drop shape relaxation time (Eq. 1), the surface tension was

The maximum size of the sessile drop was restricted by thesumed to be 300—400 mN/m. The maximum calculated relax-
inner diameter of the furnace and was chosen to optimize #t@®n time of 120 h was for the lowest-temperature experiments
deformation of the drop due to the force of gravity (Sangiorgihd highest viscosity melts (see Table 2). At high temperatures
et al. 1982). Before measuring a drop profile, sessile dropsvdiere losses of alkalis may be significant, samples were held
silicate melts must be kept at the desired constant temperatusemore than 20 min to provide a stable temperature field in

TABLE 2. Results of surface tension measurements (in mN/m)

T°C Rhyolite HPG8 HPG8 + 5wt% HPG8+5wt%  HPG8+5wit% HPG8 +5wt% HPG8+ 5 wt% HPG8 + 20 wt% HPG8 + 10 wt%
(time) (Armenia) Na,O Li,O K,O Rb,O Cs,0 Na,O P,0Os
1665 305 (20 min)

1600 304 (20 min)

1575 300 (20 min)

1525 298 (25 min)

1500 374 (20 min) 296 (30 min)

1464 372 (20 min)

1450 293 (45 min)

1398 425 (2 h)
1388 363 (20 min) 281 (20 min)

1375 289 (75 min)

1370 426 (3 h)
1360 283 (20 min)

1350 288 (2h) 272 (2 min) 240 (20 min) 248 (25 min) 259 (20 min) 272 (20 min) 429 (3 h)
1325 238 (20 min)

1310 357 (20 min) 287 (20 min)

1300 284 (6 h) 235 (25 min) 257 (25 min) 273 (20 min) 434 (3 h)
1286 354 (20 min) 290 (20 min)

1275 234 (25 min)

1250 283(15 h) 231 (30 min) 255 (1 h) 428 (5 h)
1240 349 (2 h) 292 (20 min)

1225 282(18 h) 229 (30 min) 439 (10 h)
1200 280(25h) 270 (5 min) 227 (30 min) 247 (25 min) 441 (24 h)
1185 346 (6 h)

1175 225 (30 min)

1145 269 (10 min) 302 (20 min) 252 (5 h)

1125 221 (45 min) 447 (60 h)
1110 306 (20 min) 246 (1h) 278 (20 min)

1093 308 (20 min)

1080 456 (120 h)
1075 219 (2 h)

1063 312 (20 min)

1037 315 (20 min) 250 (24 h)

1025 268 (2 h) 245 (10 h) 249 (72 h)

1000 214 (8 h) 279 (20 min)

989 319 (30 min)

938 322 (45 min)

900 267 (17 h) 280 (20 min)

925 210 (48 h)

890 327 (50 min)

800 282 (20 min)

750 283 (2 h)

700 284 (8 h)

650 285 (60 h)

Const* 245 212 256 412 144 239 221 295 549
Slope* +0.09 +0.06 +0.01 -0.10 +0.07 +0.01 +0.03 -0.02 -0.09

Note: Before measuring surface tension, sessile drops have been held a specified time (numbers in brackets) at each temperature.
* Data have been fitted to the expression: surface tension (in mN/m) = const (in mN/m) + Slope (in mN/m/°C) * T(°C).




BAGDASSAROV ET AL.: SURFACE TENSION OF SILICATE MELTS 37

the furnace. In a test experiment with HPG8 composition, after 0 mozfd”
keeping a sample at 1638C for 2h, the losses of Ma and %HD&D %

K,O were still within the analytical error of the microprobe R(X)= 2 3)
(<0.5 wt%). Losses of alkalis from the surface of a sessile drop d’z
have not been estimated directly. The observed variation of dx*
sessile drop shapes with time at a fixed temperature is less thar" )
the error of a surface tension measurement. We assume that the %Jr IZKLZDZH
compositional changes on the surface of sessile drops did not 0 Udx O o - “
significantly affect the results of our measurements. X == adaz
The melt density must be known when using a sessile drop dx

method. Densities of haplogranite glasses were determined at

room temperature from Archimedean buoyancy determinatidhie Laplace Equation 2 can be rewritten in a more simple form

in toluene and air at 25°® using a laboratory balance (Mettler

AE 160) having a precision ¥Qy (see Table 1). These densi- Z(x) = C; x F(x) + C, ()

ties were extrapolated to higher temperatures using the ther-

mal expansion coefficients determined by Knoche et al. (1998)hereF(x) can be calculated fromzcoordinates of points on
Two different procedures were utilized to estimate the suhe meridional profile of a sessile drop using Equations 3 and 4.

face tension from measureez coordinates of the sessile dropThe measured values Bfx) may be fitted to the linear expres-

profile. The first one used thezcoordinates of the entire me-sion 5, and then from the calculated cons@nt o/(Apg), the

ridional section and fitted the measured drop profile to a thegurface tension may be estimated for a known melt density.

retical one by optimizing the surface tension. The second o . .

procedure used measurements of sessile drop parametef2e4grmination of the surface tension from sessile drop

characteristic points (e.g., Ellefson and Taylor 1938) and tRarameters

tables of Popel et al. (1954), analogous to the tables of Bashforthn this procedure tables of sessile drop parameters have been

and Adams (1883). used (Popel et al. 1954). These tables contain the meridional
diametelL of a sessile drop and the dista@dsetween meridi-

Estimation of surface tension from the drop size and onal diameter and the apex of the drop as a function of the

curvature surface tension and density of the drop material. Discussion of

There are several methods of fitting thecoordinates of a the precision of this graphical method can be found in Sangiorgi
sessile drop profile to extract the surface tension of the meit.al. (1982).
Computer methods to estimate the parameters of a sessile droghese two methods gave results on the surface tension of
from thex-z coordinates of its profile have some advantagée studied haplogranite melts that differ by <5%. In the case
over the method of precise measurement of drop dimensionsftigh-temperature measurements (>120§ the computer-
a few characteristic points. But this method is difficult to implgzed method fails. The main difficulty with its implementation
ment when the image of the drop does not exhibit high optidalthe poor contrast on video images of sessile drops at high
contrast, as often occurs at high temperatures. Several numi@rperatures. Therefore, only images obtained at temperatures
cal procedures have been developed to calculate surface t&low 1100°C were analyzed using the computer methods.
sion from the shape of sessile or pendant drops (e.g., Maze and
Burnet 1969; Rotenberg et al. 1983). The method of fitting thafSSile drop at water pressure
has been used in this study is based on the calculation of thefo study the effect of water pressure on the surface tension

curvature of the sessile drop profile fromz coordinates. of melts, measurements of sessile drop parameters on quenched
The Laplace equation for the equilibrium free surface ofdfops have been used. From Equation 1, the relaxation time of
sessile drop can be written as follows: a sessile drop shape may be estimated and this puts a restric-

tion on the quench rate. For example, for drops 10 mm in di-
01 10 20 ameter a surface tension of ~100 mN/m and a viscosity®0>5
ogﬁ +§H: (pl - 92)92 +E @ Pa:s, a quench rate ofG/s is enough to preserve a true shape
of a haplogranite sessile drop quenched from 1000-1C00
whereg is the surface tension on the phase boundary betwel@king into consideration the viscosity of HPG8 melts at water
the melt and surrounding gd&,andR, are two principal radii pressures up to 5 kbars (Schulze et al. 1996), the measurements
of curvature at a point on the free surfaRejs the radius of Of surface tension by this method for sessile drops of
curvature at the apex of the drgpandp, are densities of the haplogranite melts with 8-9 wt%,8 quenched in an inter-
melt and the gas phase, ahis the vertical coordinate of the hally heated gas vessel will be reliable only at temperatures

point on the surface measured from the apex of the drop (elglow 1100-1200C. Quenching from higher temperatures may
Ellefson and Taylor 1938). affect the shape of quenched drops. This situation is mitigated,

I the vertical ¢) and horizontal) coordinates of the free however, by the fact that temperature affects the surface ten-
surface of a sessile drop are known, the two principal radii P to a lesser extent than the water solubility in the surface

curvature can be expressed via the equatiof GfF(x), as layer of a drop.
follows: For experiments under pressure, sessile drops of HPG8 com-
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position were prepared as follows. Ground powder of HPGierature dependence is negative —0.09 mNZn{Fig. 1C).
glass was placed in open Pt capsules (5 mm in diameter and\tifdenian rhyolite exhibits the same temperature dependence
mm long) and fused at temperatures of 800, 900, 1000, 116Dthe surface tension as HPG melt (+0.09 mNOntig. 1C).
and 120C°C at 3 kbar of water pressure, and then at @O0 The mean value of the surface tension increases with excess
and 1, 2, 3, and 4 kbar water pressure for ~120-150 h. Watkalis or decreased silica content in the melt.
pressure was generated in a vertical gas vessel with a BridgmanA positive temperature dependence of the surface tension
type cold seal and an internal heater (three section Pt furnaog)lies that the surface entropy is negative. This might be ex-
at the Vernadsky Institute of Geochemistry, Moscow. Tempernalained by the dissolution of gas species in the surface layer or
ture control was provided by 3 S-type Pt-PtRh thermocoupleyg the diffrentiation of the free drop surface into sublayers with
believed to be accurate #05°C. The volume where capsulesdiffering chemical compositions. The temperature dependence
were placed was filled with distilled water and closed with af the surface tension of silicate melts is, in general, small and
thin rubber membrane. The volume with water is separated frgmsitive (+0.05 to +0.07 mN/AZ, see King 1951; Popel and
the compressed gas by a layer of mercury kept in a cup thaEsn 1956), similar to that which we have observed here for
located in a cold zone of the vessel. Water pressure is creatfs melts. Our experiments show that addition of 5 wt% of
by nitrogen gas acting through a free surface of mercury andO or 10 wt% of BOs results in a negative temperature de-
the rubber membrane to produce high water pressure in gendence of the surface tension. At small concentrations of the
reactor chamber. Water content in all prepared samples vadisalis, the thermal coefficient of the surface tension is posi-
presumed equivalent to weight losses (precigi@d mg) after tive, whereas at high concentrations it becomes negative. Com-
melting small chips (ca. 0.5 g) at 1380 and 1 bar overnight paring melts with the same mole fraction of alkalis (10 mol%),
in a box furnace. For the surface tension measurements, cythe highest surface tension is observed i@L$iO, melts (300
ders of hydrous haplogranite glass were mounted vertically siN/m at 1300°C), and the lowest is in K-SiO, melts (240
a graphite substrate in the reactor chamber in such a way th&t/m, at 1300°C, see Shartsis and Spinner 1951). Our data
they have a free surface in contact with water. After remeltingonfirm these generaiffects of alkalis on the surface tension
the cylinders developed a sessile drop shape. Experiments vadrgilicate melts.
conducted at 1000C’and 1, 2, 3, and 4 kbar of water pressure,
and at a fixed pressure of 3 kbar and 800, 900, 1000, 116ect of water
1200°C for ~0.5 — 1 h each. Quenched sessile drops were pho-Results of the surface tension measurements in hydrous
tographed and parameters of their shape were estimated flmaplogranite melts are shown in Figure 2. At a fixed tempera-
their photo images by using the tables described above (Pdpeé (1000°C) different water pressures result in different solu-
et al. 1954). bilities of water (Table 3). The pressure effect on the surface
tension is quite significant. The largest decrease of surface ten-
RESULTS AND DISCUSSION sion, from 268 mN/m at 1 bar to 65 mN/m at 4 kbar, occurs at
) very small water pressures, which corresponds to ~0.2 wt%
Temperature dependence of surface tension at 1 bar and \yater dissolved in the melt. The overall decrease of the surface

effect of alkalis tension (at 1000C) fits the equation (Fig. 2a):
Results of the surface tension measurements in haplogranite
melts with the excess of 5 wt% of alkali oxides is shown in o[mN/m] = 236.6-exp{-0.3%[kbar]} (6)

Figure 1B. The temperature interval of measurements is differ-

ent for HPG and HPG melts with alkalis due to the effect @he surface tension of a dry haplogranite meltis 4.5 times larger
alkalis on the glass transition temperature of melts (Hess etthhn that under 4 kbar of water pressure. The effect of tem-
1995). Most compositions exhibit a weak positive temperatuperature at fixed pressure is shown in Figure 2b. The water
dependence of the surface tension (see Table 2): +0.06 robitent varies slightly with the temperature from 8.8 to 9.2
m°C for HPG, +0.01 for HPG + 5 wt% of Ma, +0.07 for wt% at 1200 and 80%C, respectively. At this practically con-
HPG + 5 wt% KO, +0.03 for 5 wt% C©, and +0.001 for 5 stant water content, the temperature dependence fits an
wt% RbO; but —0.1 for HPG + 5 wt% kD, and —0.02 for Arrhenius relationship with an activation energy of 11 kJ/mol.
HPG + 20 wt% NgO. The surface tension of HPG melt in-The activation energy of the surface tension calculated for wa-
creases significantly with the addition of02 and the tem- ter-free haplogranitic melt from the 1 bar study is ~4.5 kJ/mol.

TABLE 3. Surface tension measurements of haplogranite melt under water pressure

P (Kban)* T (Ot

0.001 1 2 3 4 800 900 1000 1100 1200
Cryot <0.03§  7.20 7.52 8.91 10.42 9.26 8.90 8.90 8.91 8.92 8.79
o (mMN/m) 268§ 135 08 90 65 73 84 90 97 103

Note: Surface tension was estimated within £0.5 mN/m. Chemical composition of haplogranite melt (HPG8) is given in Table 1.
*Effect of water pressure at T= 1000 °C.

TEffect of temperature at PHZO = 3 Kbar.

fEstimated from weight losses within +0.1 wt% after annealing of samples at 1 bar 1400 °C.

§ Data extrapolated from 1 bar measurements.
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From the data on water content in HPG sessile drops and mhhat 12 mm Hg of partial pressure ofoHParikh 1958). Water
surface tension, the effect of water solubility is estimated amlecules affect the surface tension of silicate melt more than
—20+ 10 mN/m/wt%HO (Fig. 2c). The effect of water on theany other gas (SQair, N,) because of their high dipole mo-
surface tension is certainly a non-linear function of solubilitynent (2108 e.s.u., Parikh 1958).
For example, the decrease of surface tension of soda-lime-silica ] ) o
melt at 450-700C due to the presence of water vapor in tngorrelation between surface tension and expansivity of
atmosphere is from 290-310 mN/m in vacuum to 200-210 mfgelts

If there is no layering of the surface with temperature, then
the volume expansivity and the surface expansivity (thermal

300 . . :
—— h a coefficient of the surface tension) have to be correlated (Shartsis
E “To (mN/m)=236.6 x exp[-0.35P(kbar)] and Spinner 1951). Figure 3 demonstrates the correlation be-
% 200 tween the temperature coefficient of the surface tension from
Z this study and the thermal expansivities of haplogranite melts
g 1501 (Knoche et al. 1995). The general tendency noted for silicate
g melts in previous studies is that higher thermal expansivity
L oot correlates with higher negative thermal coefficient of the sur-
8 face tension (e.g., Fig. 3). The thermal expansion coefficient
qg of the Armenian rhyolite has been measured in the push-rod
3 dilatometer as 2[80° /°C. The correlation between thermal

50 expansivity and the temperature dependence of the surface ten-
0 5 sion may be approximated by the equation
P (Kbar)
afgrad™]=5.9010° - 2,810 (fALMN/m] @)
110 dT[°C]
’é ¢ b The composition HPG + 10 wt%®; (not plotted) does not
= 105 correlate with the thermal expansivities of haplogranitic melts
% 100 with excess alkalis. This may be due to the anomalous surface
~ tension of FOs melt which itself possesses very low surface
= 95 . . . .
) tension with a strong negative temperature dependence (Kingery
g 90 1959). HPG and natural rhyolite compositions have practically
8 s the same surface tension as fused silica, 280-290 mN/m at
o ] 1100-1300C (Parikh 1958). In general, the temperature coef-
§ 80T ficient of the surface tension correlates with the average field
5 75t strength of added cation&/R) for compositions having about
n water content 8.8 ~* 9.2 wt% the same silica content (King 1951; Walker and Mullins 1981).
70 — :
6.5 7 7.5 8 85 9 9.5
1000/T K
— -10
R i c
‘; 1E-4
E -I5T o 20 wt% Na:O
z * S g4 .
g I z R=0.51
6 -20 % 8E-5
2 *
@ * £ S W% LiO 5 wt% K0
O 25| § OES 3
Z - : 5 Wt% Na:0 5 wi% Rb:0
_g ‘ E 4ES 5wt% Cs:0
30 I | | | £ * »
0 2 4 6 8 10 12 HPG AR
H.O (wt%) s 0.1 005 0 0.05 01
2

d6/dT (mN/m/°C)
FIGURE 2. (a) Effect of water pressure on surface tension of HPG
melt at 1000°C. Solid line is Equation 6bj Effect of temperature on  FIGURE 3.Correlation between thermal expansion of haplogranitic
surface tension of HPG melt ajp= 3 kbar of pressurecEffect of ~melts (closed diamonds) + Armenian rhyolite (closed square) and
water content (G,0) on the change in surface tension of HPG melt &&mperature dependence of surface tension. Thermal expansion
1000°C. coefficient is taken from Knoche et al. (1995). Solid line is Equation 7.
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