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Abstract—Model silicate melts with variable Al,O; and SiO, contents were experimentally saturated with
alkalis at a total pressure of 1 atm and temperatures of 1300-1470°C, using the crucible supported loop tech-
nique. It was shown that Al,O5 content has little influence on the degree of silicate melt saturation with K and
Na. In contrast, SiO, content strongly affects the solubility of alkalis in silicate melts. Model calculations were
performed to evaluate the behavior of alkalis during the contamination/mixing of basic and silicic magmas.
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INTRODUCTION

The investigation of component partitioning
between immiscible liquids usually does not pose tech-
nical problems, although special experimental designs
may be helpful even in this case (Veksler et al., 2006).
At first glance, the investigation of the equilibrium par-
titioning of alkalis between miscible melts seems to be
impossible. In such a case, experimental efforts are lim-
ited to the analysis of diffusion zoning at the boundary
between touching miscible melts (e.g., basalt/granite;
Watson and Jurewicz, 1984). Meanwhile, the results of
such investigations are essential for the analysis of
probable changes in melt composition due to the crustal
contamination of ascending magmas, metasomatism of
xenoliths in kimberlites and alkali basalts, etc.

Wall rock assimilation by magmas was considered
in detail in the pioneering study of Bowen (1928).
Nowadays, it is universally accepted that basaltic mag-
mas passing through a thick continental crust can
hardly reach the surface without assimilating wall rocks
to some degree.

The experimental studies that are (or could be) used
to tackle the problem of magma contamination and
mixing can be subdivided into three groups.

(1) The investigation of the dissolution of crystalline
phases (primarily quartz) in basaltic melts (Sato, 1975;
Watson, 1982). Experiments of this group provide
insight into the rate and character of dissolution of the
main minerals of the felsic crust in basaltic melts. It is
in such experiments that uphill diffusion of alkalis, i.e.,
diffusion of elements against their concentration gradi-
ents, was revealed by the microprobe examination of a
thin layer of silicic melt around quartz grains.

(2) The analysis of component partitioning between
immiscible liquids (Watson, 1976; Ryerson and Hess,

1978; Hess and Wood, 1982; etc.). The advantage of
this method is the reliable determination of partition
coefficients for minor elements between basic (iron-
rich) and silicic melts. Its shortcoming is the restriction
to the systems exhibiting liquid immiscibility (i.e., sim-
plified systems) and often at relatively low tempera-
tures (below 1200°C).

(3) Finally, most experimental work has probably
focused on the interaction of contacting silicic (granite,
dacite, and rhyolite) and basic (basalt) melts at high
temperatures and pressures (Yoder, 1973; Watson,
1982; Watson and Jurewicz, 1984; Kouchi and Suna-
gawa, 1985; Johnston and Wyllie, 1988; Bindeman and
Perchuk, 1993; etc.). Depending on the experimental
temperature, the contrasting composition may be partly
or completely melted. This method is advantageous in
that it can be used to study natural compositions, which
undoubtedly facilitates the extrapolation of results
obtained in small ampoules and relatively short experi-
ments to large volumes and times.

In the context of our study, of special importance is
that experiments on the interaction of contrasting melts
demonstrated higher mobility of alkalis compared with
other melt components (e.g., Si** and Al**). Watson
(1982) introduced the concept of “transient two-liquid
equilibrium” for such systems. He also supposed that
the transient partition coefficients of alkalis between
basaltic and silicic melts should qualitatively resemble
the stable partition coefficients of alkalis between
immiscible basic and silicic liquids. The values of tran-
sient partition coefficients must control the direction of
alkali diffusion between the contrasting melts. The
need to use diffusion profile is perhaps the only short-
coming of this approach.

In this paper we report experimental results on the
partitioning of sodium and potassium between several
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miscible liquids obtained by the crucible supported
loop technique (Borisov et al., 2006) and discuss the
problems of magma contamination and mixing.

EXPERIMENTAL METHODS

Experiments were carried out using a vertical tube
furnace at the Institut fiir Geologie und Mineralogie,
Universitit zu Koln (Germany). Oxygen fugacity was
controlled by a CO-CO, gas mixture and calculated
from the proportions of gases under experimental tem-
peratures using the tables of Deines et al. (1974). Tem-
perature in the working zone of the furnace was mea-
sured by a PtRhg—PtRhy, thermocouple calibrated
against the melting points of pure Au (1064°C) and Ni
(1453°C). The uncertainties of the determination of

temperature and log f,  were no higher than £2°C and
0.2, respectively.

It was supposed that, other factors being equal, the
degree of melt saturation in alkalis, which are very
strong network modifiers, is controlled primarily by the
content of network-forming oxides. Therefore, two sys-
tems were selected for experiments: with variable
Al,O5 and variable SiO, contents.

The first system was based on the 2CaO - 3SiO,
(moles) melt modified by the addition of various
amounts of Al,O; (compositions CSA6, CSAI12,
CSA18, and CSA25 in Table 1). The second model sys-
tem was based on the eutectic composition of the anor-
thite—diopside system (DA), which was modified by
adding various amounts of SiO, (compositions DA,
DAS25, DAS50, DAS70, DAS100, DAS200, and
DAS400 in Table 1). Some compositions of the second
system were previously used by us for the investigation
of the influence of silica content in the melt on the sol-
ubility of nickel, cobalt, and iron (Borisov, 2006, 2007).

Experiments were carried out by the crucible sup-
ported loop technique (Borisov et al., 2006), which is
illustrated in Fig. 1 in a modification for the simulta-
neous investigation of several melts. The essence of the
method is as follows. A small quartz crucible (15 mm
inner diameter and 22 mm height) is filled by one-third
with an alkali-rich melt of the SiO, £ Na,O + K,0 com-
position, which serves subsequently as a source of Na
and/or K vapors. Up to five loops of Pt wire (0.15 mm
in diameter) with the mixtures of interest (up to 3 mm
in diameter) are suspended above the melt under a plat-
inum lid. The crucible is lowered into the furnace and

held under desired 7— f; parameters for several hours.

During the experiment, the initially alkali-free compo-
sitions in the loops are affected by alkali vapor and,
thus, become simultaneously saturated with alkalis.
The experimental conditions are shown in Table 2.

Note that the ideology of the crucible supported
loop technique is similar to the approach proposed by
O’Neill (2005). In that case, a large Pt crucible with a
source melt was placed in a furnace approximately
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Table 1. Compositions of starting glasses, wt %

Composition |  SiO, Al,O4 MgO CaO

Ca,Si304—Al,05 system
CSA6 57.8 6.7 - 355
CSA12 53.7 13.3 - 329
CSA18 49.7 19.9 - 30.3
CSA25 45.6 26.7 - 27.7
An-Di eutectic—-SiO, system

DA 50.2 15.7 10.3 23.7
DAS25 58.5 13.2 8.6 19.7
DASS50 66.8 10.5 6.9 15.8
DAS70 70.4 94 6.2 14.1
DAS100 75.0 7.9 5.2 11.9
DAS200 83.0 54 35 8.1
DAS400 90.8 2.8 1.9 4.5

Note: The compositions are average microprobe analyses of all
experimental glasses (Table 3) recalculated to alkali-free
compositions.

10 cm beneath samples, which produced a certain par-
tial pressure of alkali vapors in the working zone of the
furnace.

At first glance, oxygen fugacity should play no role
in experiments with iron-free melts. However, it is
known that alkali loss from a melt increases consider-
ably under reduced conditions (Donaldson et al., 1975;
Corrigan and Gibb, 1979). This indicates that the pres-
sure of alkali vapor above the melt increases with

decreasing oxygen fugacity. By varying f values in

our experiments, we managed to increase or decrease
the partial pressure of alkali vapors in the crucible,
which resulted in different levels of melt saturation
with Na,O and K,O at a given temperature. After being
held at the desired temperature and oxygen fugacity, the
samples were quenched in the upper cold zone of the
furnace.

Quenched glasses were analyzed using a JEOL
Superprobe electron microprobe at the Institut fiir
Geologie und Mineralogie, Universitdt zu Koln (Ger-
many). Natural albite, orthoclase, corundum, and diop-
side were used as standards. In most cases, the acceler-
ating voltage was 15 kV; beam current, 15 nA; and
counting time, 40 s. From 10 to 20 spots were analyzed
in each sample. The mean compositions of experimen-
tal glasses in the CSA and DAS systems are given in
Table 3.

The hygroscopic glasses that were used as reservoirs
for alkalis were polished with alcohol as a lubricant and
analyzed with a defocused electron beam (20 um) at a
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Fig. 1. Cartoon illustrating the arrangement of samples in the crucible supported loop technique. See text for further explanation.

counting time of 6 s. Similar to our previous study
(Borisov et al., 2006), a small heterogeneity was
observed in the source glasses from the meniscus to the
crucible bottom. In order to compare glasses from dif-
ferent experiments, Table 2 reports the compositions of
the upper parts of the cylinders (1 mm deep from the
meniscus; average of 20—40 spot analyses).

EXPERIMENTAL RESULTS

Problem of Equilibration in Experiments on Melt
Saturation with Na and K through a Vapor Phase

As can be seen from Table 2, the composition of
melt that was used as an alkali source changed during
the experiment toward a higher silica content owing to

Table 2. Experimental conditions and the compositions of melts that were used as alkali sources in the crucible supported

loop technique

Initial composition of the

Final composition of the

Siroi.es Sample label ~log fo, tiDolilr’al—1 Slcz)lgzcle source, wt % source, wt %

Si0, | Na,O | K,O | Total | SiO, | Na,O | K,O | Total

3 |CSANa-3 8.91 3.0 |N2S-3 | 65.3 | 33.9 - 99.2 | 794 | 20.8 - |100.3
4 |CSANa-4 0.68 3.0 |N2S4 | 653 | 339 - 99.2 | 77.6 | 227 | - |[100.3
5 |CSANa-5 6.89 3.0 |N2S-5 | 653 | 339 - 99.2 | 778 | 224 | - [100.2
6 |CSANa-6 2.84 30 |N2S-6 | 653 | 339 - 99.2 | 782 | 22.6 | - [100.8
8 |DANa-8, DAS;Na-8 10.71 3.0 |N2S-8 | 65.3 | 339 - 99.2 | 78.8 | 22.1 - |100.9
13 |DANa-13, DAS,Na-13 | 8.92 16.5 |N4S-13| 82.7 | 169 - 99.6 | 88.7 | 11.2 | - 99.9
23 | DAK-23, DAS;K-23%* 8.92 16.0 |K2S-23 | 48.9 - 51.1 |100.0 | 88.9 - 10.1 | 98.9
24 |DAK-24, DAS;K-24 8.93 16.0 |K4S-24 | 76.3 - 222 | 985 | 859 - 13.1 | 99.0
25 |CSAK-25 8.93 7.5 |K4S-25| 76.3 - 222 | 985 | 843 - 16.0 | 100.3
26 |DANK-26, DAS,NK-26| 8.93 16.0 |NKS-26| 75.7 | 10.1 | 13.3 | 99.1 | 85.7 54| 7.7 988
27 | DANK-27, DAS,NK-27| 10.74 22.0 |NKS-27| 75.7 | 10.1 | 13.3 | 99.1 | 80.8 85| 11.0 {100.2

Note: All experiments were carried out at a temperature of 1470°C, except for series 27 (1300°C).
* The initial composition was calculated because the very high K,O content in the melt source resulted in the fusion of the crucible bottom.
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Table 3. Compositions of experimental glasses, wt %

Sample | SiO, | ALO, | MgO | CaO | Na,O | s.d. | K,O | s.d. | Total
Ca,Si304—Al,05 system, samples enriched in Na
CSA6Na-3 53.80 6.30 - 33.55 6.69 0.11 - - 100.34
CSA12Na-3 50.19 12.58 - 31.18 6.78 0.15 - - 100.73
CSA18Na-3 46.17 18.75 - 28.79 6.87 0.13 - - 100.58
CSA25Na-3 42.58 25.12 - 26.48 6.84 0.11 - - 101.02
CSA6Na-4 56.50 6.54 - 34.86 2.08 0.08 - - 99.99
CSA12Na-4 52.99 13.34 - 32.53 1.85 0.06 - - 100.71
CSA18Na-4 49.06 19.90 - 30.04 1.62 0.07 - - 100.63
CSA25Na-4 45.32 26.65 - 27.65 1.33 0.06 - - 100.94
CSAG6Na-5 54.69 6.27 - 33.11 5.71 0.13 - - 99.78
CSA12Na-5 50.70 12.54 - 30.81 5.76 0.08 - - 99.82
CSA18Na-5 47.10 18.85 - 28.43 5.84 0.10 - - 100.22
CSA25Na-5 43.20 25.23 - 25.90 6.07 0.10 - - 100.41
CSA6Na-6 56.57 6.53 - 34.69 1.33 0.04 - - 99.11
CSA12Na-6 52.79 13.06 - 32.00 1.77 0.06 - - 99.62
CSA18Na-6 48.81 19.64 - 29.57 1.75 0.08 - - 99.77
CSA25Na-6 45.43 26.65 - 26.92 1.51 0.06 - - 100.50
Ca,Si304—Al,05 system, samples enriched in K
CSA6K-25 54.64 6.18 - 33.26 - - 5.73 0.09 99.81
CSA12K-25 50.65 12.33 - 31.05 - - 5.88 0.08 99.91
CSA18K-25 46.84 18.31 - 28.38 - - 5.84 0.08 99.38
CSA25K-25 42.56 24.31 - 25.92 - - 6.43 0.10 99.22
An-Di eutectic—SiO, system, samples enriched in Na
DANa-8 46.93 14.83 9.70 22.28 6.47 0.10 - - 100.20
DAS25Na-8 53.22 12.01 7.87 17.99 9.52 0.14 - - 100.60
DASS50Na-8 59.05 9.47 6.18 14.07 11.57 0.13 - - 100.34
DAS70Na-8 62.14 8.29 543 12.36 12.52 0.17 - - 100.74
DANa-13 47.25 14.86 9.69 2242 5.58 0.10 - - 99.80
DAS25Na-1 53.81 12.10 7.91 18.18 8.07 0.12 - - 100.07
DAS50Na-13 60.02 9.50 6.24 14.22 9.98 0.15 - - 99.96
DAS100Na-13 66.26 7.14 4.68 10.69 11.02 0.16 - - 99.79
DAS200Na-13 73.50 4.72 3.16 7.15 11.56 0.12 - - 100.08
An-Di eutectic—SiO, system, samples enriched in K
DAK-23 48.17 14.89 9.84 22.65 - - 5.47 0.09 101.03
DAS100K-23 65.38 6.80 4.58 10.67 - - 13.01 0.11 100.44
DAS200K-23 71.68 4.70 2.97 7.02 - - 13.83 0.17 100.20
DAS400K-23 79.04 2.56 1.70 3.89 - - 13.30 0.26 100.50
DAK-24 48.04 14.78 9.76 22.43 - - 5.80 0.09 100.81
DASS50K-24 59.64 9.20 6.10 14.03 - - 11.64 0.14 100.60
DAS100K-24 65.58 6.73 4.47 10.42 - - 13.32 0.14 100.51
DAS400K-24 79.09 2.30 1.65 3.96 - - 13.38 0.16 100.37
An-Di eutectic—SiO, system, samples enriched in Na and K

DANK-26 48.28 14.90 9.84 22.47 2.98 0.06 2.62 0.07 101.10
DASS50NK-26 60.51 9.37 6.23 14.17 4.73 0.10 6.08 0.11 101.09
DAS100NK-26 66.65 6.89 4.56 10.39 5.05 0.11 7.42 0.09 100.97
DAS400NK-26 80.66 2.59 1.65 3.94 4.35 0.11 7.64 0.10 100.83
DANK-27 47.44 14.76 9.79 22.35 3.71 0.11 3.08 0.07 101.13
DAS25NK-27 53.54 11.93 7.92 17.98 4.85 0.07 4.94 0.05 101.16
DASS50NK-27 59.79 9.29 6.17 14.00 5.57 0.09 6.29 0.09 101.11
DAS100NK-27 65.89 6.97 4.55 10.38 5.78 0.10 7.59 0.09 101.15

Note: s.d. is one standard deviation.
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Fig. 2. Saturation of melts of CSA compositions
(Ca,Siz0g—Al,05 system) with sodium as a function of
oxygen fugacity.

the partial dissolution of the quartz crucible and alkali
evaporation (Borisov et al., 2006). A question then
arises as to whether the equilibrium content of alkalis
can be determined in the experimental melts suspended
in the crucible. The answer is probably yes. Despite the
continuous variations in source melt composition, the
experimental melts in loops are in dynamic equilibrium
with this melt. By the example of Co-bearing melts,
Borisov et al. (2006b) showed that starting Na-free and
Na-rich melts placed simultaneously in a crucible with
a Na-source melt had within error identical Na,O con-
tents after 20 h at 1400°C. Similarly, three Fe-bearing
melts with different initial Na,O contents showed sim-
ilar Na,O contents of 6.45 £ 0.14 wt % after a 4 h expo-
sure. In both cases, the composition of the source melts
shifted significantly toward higher SiO, contents,
which did not prevent the equilibration of experimental
melts in loops.

As was noted above, O’Neill (2005) used a similar
method and showed that constant Na,O contents in
melts were reached within 8.5 h in experiments in air at
1400°C.

The rapid equilibration could be related to the con-
vection in a melt contained in a wire loop (Borisov,
2001). Owing to this process, the surface layers satu-
rated with alkalis through a vapor phase are constantly
stirred by convection, which results in the homoge-
neous distribution of alkalis (according to microprobe
analysis) and melt equilibration with the vapor phase
with respect to alkali contents. The vapor phase may be
in equilibrium with the source melt at a given time. In
fact, the latter condition (vapor phase equilibrium with
the composition of the source melt) is unimportant and,
as will be shown below, unattainable. What is important
is that all of the experimental melts occurring side by
side in a crucible should be in equilibrium with the
vapor phase. Even if the content of alkalis in this vapor

BORISOV

phase is unknown, its equilibrium with all melts of the
series allows us to determine the activity coefficients of
Na,O and K,O in these melts, i.e., to estimate the influ-
ence of melt composition (if only within the given
series) on the activity coefficients of alkalis.

Influence of Oxygen Fugacity on the Level of Melt
Saturation with Alkalis

For the sake of brevity, the degree of experimental
melt saturation with alkalis will hereafter be referred to
as solubility, keeping in mind that the alkali solubility
is determined in equilibrium with the vapor phase coex-

isting with the source melt under given T—f; parame-
ters rather than with the source melt.

The solubility of Na in similar melts is shown as a
function of f in Fig. 2. Note that, in all of the exper-

imental series presented in this diagram, the final com-
positions of the source melts were similar (22.1 *
0.9 wt % Na,O) and these experiments were conducted
at identical temperatures and durations.

It can be seen that the transition from pure air
(logfo, = —0.68) to pure CO, (logf,, = -2.84) is

accompanied by negligible changes in Na solubility. In
contrast, as the oxygen fugacity was further lowered
(buffered by the CO/CO, gas mixture), the solubility of
Na,O increased rapidly. Thus, all other factors being
equal, the solubility of Na,O in a melt increases four-

fold as f, decreases by about 6 orders of magnitude.

It is clear that the level of melt saturation with alka-
lis can be controlled by varying the oxygen fugacity.
This fact indicates that equilibrium between the exper-
imental melts and the source melt was not attained.
Indeed, the evaporation of Na from a melt can be
described by the following reaction (Tsuchiyama et al.,
1981)

NaO,, (source) = Na (vapor) + 1/4 O, (vapor). (1)

On the other hand, the saturation of experimental
melts with Na vapor can be described by a similar reac-
tion,

Na (vapor) + 1/40, (vapor) = NaO, , (experimental
melt). 2

Combining reactions (1) and (2) yields
NaO,,, (source) = NaO,, (experimental melt). (3)

Consequently, oxygen fugacity should play no role, and
the degree of experimental melt saturation with alkalis
at a given temperature must be fully controlled by the
composition of the source or, more precisely, by the
activity of alkalis in it. The dependence of Na,O solu-

bility in melts on f, is most likely related to the kinet-

ics of alkali evaporation from the source melt. Previ-
ously, O’Neill (2005) also observed an increase in
Na,O solubility in experimental melts at a decrease in

PETROLOGY  Vol. 16

No. 6 2008



EXPERIMENTAL INVESTIGATION OF K AND NA PARTITIONING

TINe/AI=LT 09 . 06 .. 04
s} logfo, =891
6 0
S g QT Qregggr
B
2 i 1470°C
Z2F ¥ i
§ A
""""""""""""""""""""""" V0,68, -2.84 5
Py V4
1 1 1 1 1 1
5 10 15 20 25
A1203, wt %

Fig. 3. Influence of Al,05 content in CSA melts (Ca,Si3;Og—
Al, O3 system) on the saturation of these melts with sodium.
The dashed lines are average Na,O contents for the given
series (log fo2 values are given). The series in air (up-
pointing triangles) and pure CO, (down-pointing triangles)
are combined together. For the most reduced series, which

showed the widest range of atomic Na/Al ratios, the values
of this ratio in experimental melts are shown.

fo, and suggested that this phenomenon has a kinetic
origin.

Influence of Al,O; on the Solubility
of Alkalis in Silicate Melts

The solubility of Na,O at a constant temperature of
1470°C in melts of the 2Ca0O - 3S5i0,—Al,0; system is
shown in Fig. 3. As can be seen from the diagram, the
solubility of Na under the most reducing conditions
(10782 atm) is independent of Al,O; content within the
experimental error. Under slightly more oxidizing con-
ditions (107%° atm), the solubility of Na changes only
slightly; however, there is a tendency toward a higher
Na,O solubility at higher Al,O; content in the melt.
Considerable variations in Na,O solubility were
observed in the oxidized experiments conducted in air
or pure CO,, which could be due to the very low Na
partial pressure in the crucible and, as a result, incom-
plete equilibration of all of the experimental melts with
the vapor phase. However, it is evident that even in this
case Al,O; content has a negligible effect on the Na sol-
ubility in melts.

Similar relations were observed in the single exper-
imental series on the saturation of melts of the 2CaO -
3Si0,—AlL,0; system with K,O. The solubility of K,O
remained constant (5.8 wt %) within the limits of error
as the AlL,O; content in the melt increased from 6 to
18 wt % and was slightly higher (6.4 wt %) only in the
melt with 24 wt % Al,O; (Table 3).

O'Neill studied the saturation of melts of the
CaMgSi,04—Al,05 system with Na at 1400°C and also
No. 6
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Fig. 4. Influence of SiO, content in DAS melts (DiAn—SiO,
system) on the saturation of these melts with sodium and
potassium.

did not observe any significant influence of Al,O; on
Na,O solubility (O’Neill, 2005, Fig. 3).
Thus, it can be concluded that, at any temperature

and melt composition, alumina content has no signifi-
cant influence on the solubility of alkalis in melts.

Influence of SiO, Content on Alkali Solubility

The effect of SiO, in the melts of the DA-Si0, sys-
tem is illustrated in Figs. 4 and 5. It can be seen that, in
contrast to Al,O5, SiO, exerts a significant influence on
the solubility of alkalis and there are two specific fea-
tures in the behavior of alkalis.

First, the solubility of alkalis increases rapidly as the
SiO, content increases from 45 to 70 wt %. With
respect to SiO, content, the model melts range from
basaltic (DA) to dacitic (DAS100) compositions. Con-
sequently, the partitioning of Na and K between the
DAS100 and DA melts from a single series character-
izes to a first approximation the dacite/basalt partition
coefficients of Dy, or Dg. Averaging the data for vari-
ous series yields Dy, = 1.7 and Dy = 2.5. These partition
coefficients obtained by the analysis of physically sep-
arated melts are in essence similar to the transient equi-
librium partition coefficients of alkalis between con-
tacting felsic and basaltic melts (Dy, and D vary from
1.5 to 3.0; Watson, 1982; Watson and Jurewicz, 1984,
Bindeman and Perchuk, 1993). It will be shown below
that our data allow a more rigorous description of the
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Fig. 5. Influence of SiO, content in DAS melts (DiAn—SiO,
system) on the simultaneous saturation of these melts with
sodium and potassium from a combined K—Na source.

dependence of Dy, and Dk on the difference in SiO,
content between the coexisting melts.

The second important feature in the behavior of Na
and K in the melts of the DA-SiO, system is the exist-
ence of a maximum of their solubility in silicic melts
containing 66-76 wt % SiO, (Figs. 4, 5). Most of the
curves pass through maxima at ~73-76 wt % SiO,, and
only the solubility of Na in experiments with combined
K-Na sources shows maxima at lower SiO, contents of
66—-69 wt %. In our previous investigations of the solu-
bility of divalent metals in the melts of the DA-SiO,
system (Borisov, 2006, 2007), we also observed max-
ima of Ni, Co, and Fe solubility, but they were confined
to intermediate melt compositions (~55-59 wt % SiO,),
regardless of temperature, metal type, and metal con-
tent (from ppm levels to 13 wt %).

DISCUSSION

The weak dependence of the solubility of alkalis
in melts on Al,O; content is intriguing and calls for
further experimental and theoretical investigations.
Indeed, almost all theories of the structure of silicate
melts postulate that alkalis are the most favorable net-
work-modifying cations to compensate the charge of
AI** in the tetrahedral position (structural groups of the
KAIO, and NaAlO, type). This assumption is reflected
in the calculation of the NBO/T parameter (nonbridg-
ing oxygen per tetrahedron) on the basis of the follow-
ing order of preference of modifying cations for AI**:
K*, Na*, Ca?*, Mg, etc. (e.g., Mysen, 1988). Hence, it
could have been expected that the character of Na solu-
bility in melts would change markedly when the molar
Na,O/Al,O; ratio will be higher than 1. However, this is
not the case; for instance, in the most reducing series in
the 2CaO - 3Si0,—Al,0; system, the Na/Al atomic ratio
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varied from 1.75 to 0.45, whereas the solubility of Na
in the melts was constant within errors (Fig. 3).

As was note by O’Neill (2005), who did not detect
significant variations in Na solubility in the melts of the
diopside—corundum join, this fact casts some doubt on
the importance of the traditional boundary between
agpaitic [Al/(Na + K) < 1] and metaluminous [Al/(Na +
K) > 1] melts.

Note also that the similar behavior of K and Na in
the melts of the CSA system is at odds with the choice
of significantly different components for the thermody-
namic description of K and Na oxides in some models
of silicate melts (for instance, Na,Si0; and KAISiO, in
the MELTS model or NaSi,sO,s and KAISiO, in
pMELTS; Ghiorso et al., 2002).

Influence of SiO, content on the relative activity
coefficients of Na,O and K,O in silicate melts. At
least for simple binary Me,0-SiO, systems, the activi-
ties of alkalis in the melt sources can be estimated from
the available thermodynamic data (e.g., Charles, 1967;
Rego et al., 1985). However, the absolute activity coef-
ficients of alkalis in the experimental melts cannot be
calculated. As was shown above, the dependence of the
degree of saturation of experimental melts with alkalis
on oxygen fugacity implies that the activities of Na,O
and K,O in them are not identical to the activities of
these alkalis in the source melts, with which they are in
dynamic equilibrium. Nonetheless, the estimation of
the relative activity coefficients of alkalis in the experi-
mental melts may be instructive. Assuming that for
each series the activities of Me,O in all of the melts are
identical and choosing one of the melts as a reference
(Y = 1), the activity coefficient of Me,O in melt i can

be expressed as Y; = (Xyie,0 ret/(Xpe,0 )i In order to
unify all of the series, a virtual melt with Xg;o = 0.45

was selected as a common reference. The (Xy.,0);

value of the reference melt was determined for each
series by extrapolating data for all samples of this
series. The calculated v; values are shown in Table 4 and
Fig. 6 as a function of SiO, content in the melt.

Similar to the case of solubility (Figs. 4, 5), there are
two characteristic features in the dependence of the
activity coefficients of alkalis on silica content in the
melt.

First, the Yy,,0 and Yk o values decrease rapidly as
the X, increases from 0.45 to 0.70, and the decrease
of Yk ,o 1s more significant (on average, from 1.0 to 0.3)

than that of yy, o (on average, down to 0.5).

Second, there is a minimum of y; at Xg;o, between

0.66 and 0.76. The minimum of Yy, o is more pro-

nounced and shifted toward more basic compositions
compared with that of yg o (Fig. 6). In the melts of the
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same system (DA-Si0O,), we previously detected min-
ima of Ynio» Yeoo» and Yreo at intermediate melt compo-

sitions (X;o, from 0.55 to 0.59) (Borisov, 2006, 2007).

The minima of the activity coefficients (solubility
maxima) of alkalis suggest that silicic melts must not
always be enriched in alkalis relative to less silicic
melts. The analysis of the published compositions of
coexisting liquids in systems with liquid immiscibility
supports this suggestion. Although alkalis are typically
enriched in more silicic melts (Watson, 1976; Ryerson
and Hess, 1978), the opposite relations are also possi-
ble. For instance, in complex immiscible melts of the
Si0,-Ti0,—Al,0;-FeO-MgO-Ca0O—Na,O system,
very silicic liquids (up to 92.3 wt % SiO,) are depleted
in Na compared with less silicic melts (Hess and Wood,
1982, Table 2).

The minima of the activity coefficients of alkalis in
binary Me,0-Si0O, systems (Me = Li, K, or Na) at X;,_
from 0.7 to 0.9 were found by Charles (1967, Figs. 4,
12, 20). However, it should be noted that the YMe,0 val-

ues were estimated by the numerical integration of the
Gibbs—Duhem equation, and the Yg;o, values that

were used for this purpose were obtained from appro-
priate phase diagram using the cryoscopic equation
(Charles, 1967). Since direct experimental data were
used in our case (although they are shown in Fig. 6 as

relative activity coefficients), the existence of Yy o

minima is beyond doubt. We believe that the Yy, o

minima reported by Charles (1967) are real rather than
artifacts of the calculation method.

Uphill diffusion: where and when it can be
expected. The principles and mechanisms of uphill dif-
fusion, i.e., movement of component N against the gra-
dient of its concentration (Cy), were discussed in detail
by Zhang (1993). We will follow the simplest interpre-
tation postulating that N always diffuses down its
chemical potential (ly) gradient (Sato, 1975; Watson
and Jurewicz, 1984). If two contacting melts (A and B)
with different degrees of nonideality have u* > u® but
CA < CB, component N will diffuse from melt A to melt
B, providing an example of uphill diffusion. It is evi-
dent that when basic and silicic melts at identical tem-
peratures and with approximately equal amounts of
alkalis (in particular, this is characteristic of sodium)
are brought into contact, alkalis will always diffuse
from the basic into silicic melt. If the contents of alkalis
in the silicic melt is initially much higher than those in
the basic melt (which is more typical of potassium), the
nature of diffusion (uphill or downhill) can be predicted
on the basis of a comparison of the activity coefficients

Yme,0 in the coexisting melts. Since the activities a®

and a® must be equal at equilibrium, component N will
diffuse from melt A to melt B, if X*/XB > yB/y4, and in
the opposite direction, if X4/XB < yB/yA.
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Table 4. Thermodynamic characteristics of melts of the
An-Di utectic—SiO, system

Sample Xsio, | Xna,0 | Xk,0 | YNay,0 | YK,0
Samples enriched in Na
Standard 8 0.450 | 0.055 | 0.000 | 1.000 -
DANa-8 0.468 | 0.063 | 0.000 | 0.873 -
DAS25Na-8 0.529 | 0.092 | 0.000 | 0.595 -
DASS50Na-8 0.590 | 0.112 | 0.000 | 0.487 -
DAS70Na-8 0.618 | 0.121 | 0.000 | 0.452 -
Sandard 13 0.450 | 0.047 | 0.000 | 1.000 -
DANa-13 0.473 | 0.054 | 0.000 | 0.871 -
DAS25Na-13 0.538 | 0.078 | 0.000 | 0.603 -
DAS50Na-13 0.601 | 0.097 | 0.000 | 0.487 -
DAS100Na-13 | 0.665 | 0.107 | 0.000 | 0.440 -
DAS200Na-13 | 0.736 | 0.112 | 0.000 | 0.421 -
Samples enriched in K
Standard 23 0.450 | 0.000 | 0.027 - 1.000
DAK-23 0.485 | 0.000 | 0.035 - 0.771
DAS100K-23 0.682 | 0.000 | 0.087 - 0.313
DAS200K-23 0.753 | 0.000 | 0.093 - 0.292
DAS400K-23 0.826 | 0.000 | 0.089 - 0.305
Standard 24 0.450 | 0.000 | 0.029 - 1.000
DAK-24 0.485 | 0.000 | 0.037 - 0.771
DASS50K-24 0.617 | 0.000 | 0.077 - 0.375
DAS100K-24 0.684 | 0.000 | 0.089 - 0.325
DAS400K-24 0.827 | 0.000 | 0.089 - 0.323
Samples enriched in Na and K

Standard 26 0.450 | 0.024 | 0.013 | 1.000 | 1.000
DANK-26 0.481 | 0.029 | 0.017 | 0.847 | 0.759
DASS50NK-26 | 0.612 | 0.046 | 0.039 | 0.526 | 0.323
DAS100NK-26 | 0.678 | 0.050 | 0.048 | 0.489 | 0.263
DAS400NK-26 | 0.824 | 0.043 | 0.050 | 0.567 | 0.255
Standard 27 0.450 | 0.032 | 0.016 | 1.000 | 1.000
DANK-27 0.473 | 0.036 | 0.020 | 0.885 | 0.833
DAS25NK-27 | 0.538 | 0.047 | 0.032 | 0.671 | 0.515
DASS0NK-27 | 0.605 | 0.055 | 0.041 | 0.581 | 0.402
DAS100NK-27 | 0.670 | 0.057 | 0.049 | 0.557 | 0.331

Note: The activity coefficients of alkalis were calculated relative to
a reference melt with XSioz =0.45. The XNaZO and XKZO

values in the standard glasses were obtained by the extrapo-
lation of alkali contents to Xg 0, = 0.45.
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(compositions are shown by asterisks). See text for calcula-
tion details.

As was noted above, a similar approach was previ-
ously proposed by Watson (1982), who introduced the
transient partition coefficients of alkalis between felsic
and basaltic melts. When the C*/C® ratio for Na or K is
lower than the equilibrium value of D*®, the compo-
nent will diffuse from melt A into melt B.

Crustal contamination of basic melts and evolu-
tion of silicic xenoliths in basic magmas. Common
sense suggests that basic magmas must be affected by
crustal contamination en route to the surface from their
generation zones in the continental mantle. In the sim-
plest case, basic melts assimilate the wall rocks of
magma conduits and reservoirs and/or silicic liquids
produced by partial melting of crustal material at the
contact with the basic magmas. More sophisticated
models should involve alkali redistribution between
silicic and basic melts, because the diffusion rate of
alkalis in silicate melts is probably several orders of
magnitude higher than the diffusion rate of other com-
ponents (e.g., Watson, 1982). The extreme case is the
perfectly mobile behavior of Na and K during contam-

crustal xenoliths immersed in an infinite volume of
basic magma. In this case, we also can consider both
simple mixing of silicic and basic melts in varying pro-
portions and perfectly mobile behavior of alkalis cou-
pled with the inert behavior of other components.

In order to construct numerical models of contami-
nation/mixing, the compositions of silicic and basic
melts and Na and K partition coefficients between them
should be specified. Let us assume that the basic melt
contains 48 wt % Si0,, 2.5 wt % Na,O, and 0.5 wt %
K,O. These contents are close to the average chemical
composition of basalts from oceanic and continental
areas (Igneous Rocks, 1983). The average composition
of the upper continental crust was recently estimated by
Rudnick and Gao (2003): 66.6 wt % SiO,, 3.3 wt %
Na,O, and 2.8 wt % K,O. However, partial melts
derived from gneisses and granulites may be much
more silicic and potassic: up to 74 wt % SiO, and 6.4 wt
% K,O (Beard et al., 1993). To unify the calculations,
let us assume that the silicic composition contains
70 wt % Si0,, 3 wt % Na,0, and 5 wt % K,O, be it an
initial rock or partial melt.

As can be seen in Figs. 4 and 5, the partition coeffi-
cients of Na and K between basic and silicic melts
depend on the SiO, contents of the melts. Using a basic
melt with 45 wt % SiO, as a reference, the relative
alkali enrichment (D) of more silicic melts can be
described by the quadratic equation
= a(Cgip, = 45) + b(Csp, —45°+1, (4

DMe2O
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Fig. 8. Behavior of (a) Na and (b) K during the mixing/con-
tamination of basic and silicic melts. See text for calculation
details.

where Cg;o, is the SiO, content in wt %; and a and b

are 0.0923 and -0.00147 for Na and 0.1627 and
—0.00158 for K, respectively. This equation was based
on all of the experimental data regardless of tempera-
ture, except for a few of the most silicic melts falling far
beyond the maxima of alkali solubility in Figs. 4 and 5.
The calculated R? values are 0.89 for Dy, and 0.91 for
Dy. Equation (4) can be used to estimate the partition
coefficients of alkalis between two coexisting melts, A
and B, DB = CA/CB.

Figure 7 shows the curves of relative alkali enrich-
ment in melts as a function of SiO, content, which were
calculated using Eq. (4), and the compositions of basic
(basalt) and silicic (crust) melts accepted in our model-
ing. Equation (4) yields Dy, = 1.9 and Dy = 2.8 for
these melts, i.e., the uphill diffusion of sodium from the
basic to the silicic melt and the normal diffusion of
potassium from the silicic to the basic melt should be
expected for the accepted alkali contents.

The model of mixing and contamination of melts is
illustrated in Fig. 8. The curve AB corresponds to the
simple mixing of varying amounts of basic and silicic
melts. However, given the perfectly mobile behavior of
alkalis and infinite volume of silicic material, the basic
melt (point A) can lose part of its Na and gain a signif-
icant amount of K (arrows AC). A combination of the
perfectly mobile and inert behavior of alkalis can be
2008
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ing the mixing/contamination of basic and silicic melts. See
text for calculation details.

simulated in the following manner: a melt lying on the
mixing line AB (for instance, E) interacts with an infi-
nite amount of silicic melt, which leads to its enrich-
ment in Na and depletion in K (point F). Note that the
CD curves correspond to the complete equilibration of
contaminated melt with the excess amount of silicic lig-
uid. However, equilibrium may be not attained or the
amount of silicic liquid (source of Na and sink for K)
may be limited. This implies that, in the most general
case, the composition of contaminated melt can lie any-
where within the ABC segment, but most likely near the
line AC. These melts are arbitrarily limited in Fig. 8 by
an SiO, content of 54 wt % and marked by hatching.

Similarly, the composition of silicic melts in crustal
xenoliths immersed in an infinite volume of basic
magma must occur in the segment ABD, but most likely
in the region adjacent to the line BD. These melts are
arbitrarily limited by an SiO, content of 65 wt % and
marked by hatching in Fig. 8.

The presented model of mixing/contamination
ignores kinetic problems, possible difference in tem-
perature between the mixed melts, and the crystalliza-
tion of mineral phases and their possible assemblages at
the perfectly mobile behavior of alkalis (e.g., Zharikov,
1999). This model does not claim to comprehensively
describe natural processes, but, rather, it is intended to
demonstrate the possibility of the formation of rocks
with wide variations in alkali contents at relatively
minor variations in SiO,.

Note finally that the perfectly mobile behavior of
alkalis must result in the potassic specifics of basalts
affected by crustal contamination and, correspondingly,
the sodic specifics of silicic melts in crustal xenoliths
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and 10.1 wt %, respectively); and T16 is the basalts of the Great Fissure Tolbachik Eruption, Kamchatka (10.9 wt % MgO). All of
the melts, except for T16, contained olivine as a liquidus phase at experimental temperature.

contaminated with the enclosing basaltic melt. This is
clearly seen in Fig. 9, which shows the Na/K ratio of the
melts considered above.

Possibility of alkali redistribution between sam-
ples in loop experiments. At first glance, this topic
seems to be trifling in general petrology. However, it is
intimately related to the problems of the elucidation of
the shortcomings and advantages and development of
the loop technique, which has become a standard in pet-
rological and geochemical investigations at a total pres-
sure of 1 atm (Donaldson et al., 1975; Corrigan and
Gibb, 1979; Grove, 1981; Borisov and Jones, 1999;
Borisov, 2001; O’Neill, 2005; Borisov et al., 2006).

It is known that alkali exchange between high- and
low-alkali melt occurring side by side in a furnace is
observed even in classic loop experiments (i.e., without
an additional source melt) (e.g., Borisov et al., 2006,
p. 768). The experiments of O’Neill (2005) with DA—
Na,SiO; melts are instructive in this respect. Given the
perfectly mobile behavior of sodium in such experi-
ments, the DA-Na,SiO; system is equivalent to the
DA-Si0, system, which was studied by us. After 118 h

annealing at 1400°C and f, = 102 atm, the Na,0

content in glasses increased by a factor of almost two as
SiO, increased from 50 to 57 wt % (O’Neill, 2005,
Fig. 3).

The above considerations add one more limitation to
the classic loop technique [the first limitation being the
significant loss of alkalis under reducing conditions
(Donaldson et al., 1975; Corrigan and Gibb, 1979;

Borisov et al.,, 2006)]. Although the loop technique
allows one to suspend several samples in the hot zone
of a furnace [at least up to eight samples (Doyle and
Naldrett, 1986)], the investigation of basic and silicic
melts in a single run should be avoided. Otherwise, in
addition to the simple loss of alkalis, their redistribution
between samples with different SiO, contents can be
expected. If the focus of the study is the crystallization
sequence of melts, the partition of alkalis into silicic
melts can lead to changes in liquidus temperatures and
phase relations.

The same is true of more basic melts. The author
recently employed the crucible supported loop tech-
nique to study the influence of Na on Fe—-Mg partition-
ing between olivine and melt. The results of these
experiments will be reported in a special publication,
and here we only show some data on the saturation of
basic and ultrabasic natural melts with Na. As an exam-
ple, Fig. 10 shows two series of three samples each with
different SiO, contents. All of the samples, except for
T16, contain olivine. The influence of SiO, on melt sat-
uration with Na is evident in each series. For instance,
it was found that an increase in SiO, content from 41 to
50 wt % at 1265°C results in an increase in Na,O con-
tent from 6.6 to 10.8 wt %, i.e., by more than 60% rel.
In other words, the above restriction to the loop tech-
nique must be even stronger: any melts with different
Si0O, contents (from ultrabasic to silicic) exposed in a
single melting experiment may undergo alkali redistri-
bution through a vapor phase.
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CONCLUSIONS

The saturation of silicate melts of varying Al,O; and
Si0O, contents with alkalis was studied at a total pres-
sure of 1 atm and temperatures of 1300-1470°C using
the crucible supported loop technique.

It was shown that Al,O; content has a negligible
influence on the degree of K and Na saturation in sili-
cate melts. In contrast, SiO, variations significantly
affect the solubility of alkalis in silicate melts.

Model calculations showed that the perfectly mobile
behavior of alkalis must lead to a potassium specifics in
basalts contaminated by crustal materials and, corre-
spondingly, a sodic affinity in silicic melts from crustal
xenoliths contaminated by the enclosing basaltic melt.
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