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INTRODUCTION

The investigation of the solubility of various compo-
nents of natural fluids such as chlorine and fluorine in
granite and granodiorite melts is important for the mod-
eling of ore systems. Ore systems dominated by fluo-
rides and chlorides differ both in the characteristics of
the geologic environments of their formation and evo-
lution and in their affinity to particular metals [1, 2].
The differences of the fluoride and chloride paths of
magma evolution are largely related to differences in
the nature of interaction of these halogens with mag-
matic melts.

Chlorine solubility in acid aluminosilicate melts has
been repeatedly studied in experiments as a function of
various physicochemical factors and was comprehen-
sively reviewed by Malinin and Kravchik [3], Webster
[4], and Chevychelov [5].

The problem of the effect of high fluid salinity on
the solubility of chlorine in melt is not adequately
understood, because most investigations were con-
cerned with solutions with Cl concentrations no higher
than 6–8 m. A significant increase in chlorine solubility
in albite–quartz eutectic melt was reported in the region
of high chlorine concentration in fluid (82 wt % NaCl),
up to 

 

~

 

1.8 wt % in comparison with 

 

~

 

0.25% at an NaCl
concentration in fluid of <50% at 1.5 kbar and 900

 

°

 

C [3].

Shinohara 

 

et al.

 

 [6] demonstrated that at low pres-
sures of 0.6 and 1.2 kbar and 810

 

°

 

C, the chloride con-
centration of granite melt is constant and independent
of the “bulk” Cl abundance in fluid phases within a
wide field of water vapor–chloride liquid immiscibility.
On the other hand, at pressures from 2.2 to 6.0 kbar, the
chlorine content of granite melt increases continuously

with increasing concentration of the coexisting homo-
geneous aqueous chloride solution [6].

Webster [4, 7–9] investigated the joint concentration
of Cl and H

 

2

 

O in aluminosilicate melts of granite,
andesite, and basalt compositions both under water-sat-
urated and water-undersaturated conditions at pressures
of 2.0, 0.5, and 0.001 kbar. He revealed a general
decrease in the Cl concentration of melt with increasing
H

 

2

 

O activity in the system. According to Webster [7, 10],
at varying 

 

P–T 

 

conditions and compositions, two types
of combined Cl and H

 

2

 

O concentration operate in alu-
minosilicate melt. (1) At relatively high temperature
and low pressure, aqueous chloride fluid is character-
ized by a rather wide miscibility gap. In the presence of
homogeneous low-concentration fluid, an increase in
the content of chloride in the system results in rapid Cl
accumulation in aluminosilicate melt at constant H

 

2

 

O
content. In the domain of the two-phase fluid, the con-
centrations of Cl and H

 

2

 

O in aluminosilicate melt reach
maximum values and remain approximately constant.
A further increase in chloride content and transition of
the fluid into a homogeneous highly concentrated
fluid–melt result in the depletion of aluminosilicate
melt in H

 

2

 

O at constant Cl content. (2) The second type
of combined Cl and H

 

2

 

O concentration in aluminosili-
cate melt is observed in the region of higher pressure
and low temperature beyond the fluid immiscibility
field. In this case, the Cl concentration of the melt coex-
isting with homogeneous aqueous chloride fluid
increases gradually and that of H

 

2

 

O decreases with
increasing bulk Cl abundance in the system.

Webster [9] has also considered possible changes in
Cl and H

 

2

 

O contents in residual aluminosilicate melt
and fluid phases separated in the course of various mag-
matic processes. (1) For instance, Cl and H

 

2

 

O gradually
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accumulate in residual melt during the eutectic crystal-
lization of quartz and feldspar from volatile-undersatu-
rated haplogranite melt. (2) In the case of isobaric crys-
tallization of volatile-saturated aluminosilicate melt,
the behavior of Cl and H

 

2

 

O depends on the phase state
of the released fluid. The concentrations of Cl and H

 

2

 

O
in the residual melt are either inversely proportional to
each other (one fluid phase) or nearly constant and
close to the maximum values (two fluid phases). (3) In
the case of decompression degassing of volatile-satu-
rated melt, H

 

2

 

O content in the residual melt may vary
strongly depending on 

 

P

 

final

 

, whereas variations in chlo-
rine content are relatively small.

Unfortunately, there is almost no evidence in the lit-
erature on the structure of chlorine-bearing melt
obtained by modern spectral methods and investiga-
tions of the mechanism of chlorine dissolution in
hydrous aluminosilicate melts. It is known that net-
work-forming elements, mainly silicon and aluminum,
are tetrahedrally coordinated to four oxygen atoms in
aluminosilicate melts at moderate pressure. The struc-
ture of silicate melt is classified at the lowest (initial)
level (short-range order) depending on the degree of
bonding of tetrahedra through a common oxygen atom,
which is known as Q specification [11]. It is based on
the types (bridging or nonbridging) of oxygen atoms
surrounding Si or Al. The structures vary from the max-
imum degree of bonding, Q

 

4

 

, when one tetrahedron is
connected to four others, to free tetrahedra, Q

 

0

 

. The dis-
tribution of tetrahedra is not uniquely defined by com-
position because of the possible disproportionation of
medium-bonded Q

 

3

 

 species into polymerized Q

 

4

 

 and
linearly bonded Q

 

2

 

 species. The proportions of these
species can be successfully estimated from the analysis
of IR spectra in the region of deformation vibrations
850–1600 cm

 

–1

 

 [11, 12].

In this study, we used another approach and
described the structure of melt in the context of the
structure of medium-range order. The medium-range
order concerns the sphere of the nearest neighbors that
form the minimum closure. In general, this approach is
independent of the Q specification. Previously, we
characterized the structure of medium-range order in
melts [13] as a size distribution of the smallest topolog-
ically indecomposable aluminosilicate rings (topologi-
cal term) [14]. The size varies within a narrow range:
three-, four-, and six-membered rings have been estab-
lished. Four- and six-membered rings are typical struc-
tural elements of silicate minerals. Rings made up of
tetrahedra are distorted to a varying extent because of
their closing. They are characterized therefore by indi-
vidual T–O–T angles, which are recorded in deforma-
tion vibrations (T denotes Si and Al, network-forming
element; O is oxygen).

The most distorted three-membered rings have the
highest frequency (absorption band) at 600 cm

 

–1

 

.
Three-membered rings were detected in strongly poly-
merized melts (NBO/T = 0) containing anorthite. They

are almost absent in hydrous silicic melts. The exist-
ence of five-membered rings remains to be demon-
strated. They were never found in tectosilicate miner-
als. However, in the context of statistics and formal
topology, they must occur. This was suggested, for
example, in the interpretation of X-ray data by Zotov
[15]. On the other hand, while four-membered rings
show a distinct individual absorption band at 460 cm

 

–1

 

(anorthite melt), and six-membered rings, at 400–
420 cm

 

–1

 

 (tridymite melt), no absorption band due to
five-membered rings was ever found. Strictly speaking,
there must be a preference for four- and six-membered
ring sizes because of the selectivity of chemical inter-
action of network-modifying cations (Na, Ca, and K)
with the aluminosilicate network. In this sense, it is
possible to consider end-members, i.e., chemical com-
pounds, in melt. Our interpretation of the structure of
medium-range order in melts is not rigorously substan-
tiated, because there exists a formal possibility of the
detection of the third absorption band corresponding to
five-membered rings. In this respect, it is possible to
consider the apparent (effective) size distribution of the
smallest topologically indecomposable aluminosilicate
rings.

Our interpretation of spectral data is supported by
the good correlation between the calculated proportion
of rings in the 

 

Ab–An

 

 system and glass composition
[13]. Simakin 

 

et al.

 

 [13] also studied the influence of
water on the character of ordering of the structure of
granite melt using the method of IR absorption spec-
troscopy. It was found that the fraction of six-mem-
bered aluminosilicate rings increased with increasing
H

 

2

 

O content.

In this paper, we attempted to apply our recently
developed methods to the analysis of the effect of water
and chlorine dissolved in granodiorite melt on the
structure of medium-range order in the melt. In such a
way, we intended to elucidate the mechanism of chlo-
rine dissolution.

EXPERIMENTAL AND ANALYTICAL METHODS

 

Starting Materials, Preparation, 
and Conditions of Experiments

 

The initial glass modeled granodiorite composition
(wt %, calculated): 68.4 SiO

 

2

 

, 17.9 Al

 

2

 

O

 

3

 

, 5.2 CaO,
4.0 Na

 

2

 

O, and 4.5 K

 

2

 

O was prepared from gel. The gel
mixture was obtained by the procedure described in
[16, 17]. In most cases, nitrates were used as initial
salts. The final temperature of annealing was 600

 

°

 

C.
Aluminosilicate glasses were prepared initially by
“dry” melting of gel at 

 

P

 

 

 

~

 

 1 bar, a stepwise temperature
increase from 700 to 1360

 

°

 

C, and a run duration of
about three days. The melt was exposed at 

 

T

 

 

 

≥

 

 1300°ë

 

for about one day. The powdered glasses were subse-
quently melted under “hydrothermal” conditions at

 

P

 

tot

 

  =  

 

= 1 kbar, 

 

T

 

 = 1100

 

°

 

C, a run duration ofPH2O
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about one day, and  close to the Ni–NiO buffer.
A column of the hydrous glass obtained was sectioned
by a thin diamond saw into pieces (~30–90 mg), which
were used in the experiments on solubility determina-
tion. For experiments 234 and 235, 

 

optically bubble-
free

 

 water-saturated glass was specially prepared. For
this purpose, air was expelled before the melting of
powdered glass and replaced by water, i.e., a liquid
mush consisting of approximately equal amounts of
powdered glass and H

 

2

 

O was loaded into the ampoule.

 

Experiments on the investigation of chlorine solu-
bility in hydrous granodiorite melt

 

 were conducted at

 

P

 

tot 

 

=  = 1 

 

±

 

 0.1 kbar, 

 

T

 

 = 1000 

 

±

 

 10°ë

 

, and a dura-
tion of four days in internally heated high-pressure gas
vessels (UVGD-10000). Experiment 240 was carried
out at 

 

T

 

 = 1050°ë

 

 in order to produce a clear glass
devoid of crystalline phases. The high temperature of
the experiments was dictated by the high liquidus temper-
ature of the melt [5], which contained initially 5.2 wt %
CaO. Chevychelov [5] demonstrated that an experimen-
tal duration of four days was sufficient under such 

 

P–T

 

parameters for the attainment of near-equilibrium con-
ditions. This is indirectly supported by the absence of
differences in the concentrations of chlorine and major
components in the marginal and central parts of sam-
ples of aluminosilicate glass after experiments.

For a given fluid composition, a chloride solution
and a mixture of chemical reagents was also loaded into
the ampoule. We used ~1 

 

n

 

 Cl solution of the following
composition: 0.05 

 

n

 

 HCl + 2.4 wt % NaCl + 2.2 wt %
KCl + 0.9 wt % CaCl

 

2

 

 + 0.49 wt % AlCl

 

3

 

 · 6H

 

2

 

O, and
the chemical reagents NaCl, KCl, CaCl

 

2

 

 (molten),
AlCl

 

3

 

 · 6 H

 

2

 

O, and amorphous SiO

 

2

 

. The weight pro-
portions of particular reagents and solution were cho-
sen to minimize changes in the composition of alumi-
nosilicate melt after experiments. In other words, we
attempted to reach the minimum differences between
the compositions of aluminosilicate melts after experi-
ments at varying chloride content in the fluid with
respect to Si, Al, Ca, Na, and K oxides. This allowed us
to compare more straightforwardly the results of subse-
quent spectroscopic investigations. In experiments
without initial chlorine, pure tridistilled water and alka-
lic solutions of the following composition were used:
1.7 wt % KOH + 2.6–5.8 wt % Na

 

2

 

SiO

 

3

 

 · 9H

 

2

 

O,
together with CaO, Al

 

2

 

O

 

3

 

 and amorphous SiO

 

2

 

.

We believe that chlorine dissolved in the aluminosil-
icate melt via diffusion from fluid, because in all our
experiments, initial glass chips were not powdered and
chlorine was introduced into the initial system only
with fluid.

Preliminary mixed sodium, potassium, calcium, and
aluminum chlorides and amorphous silica were loaded
into a platinum ampoule (6 

 

×

 

 0.2 

 

×

 

 25 mm), whence a
piece of aluminosilicate glass wrapped in 0.1-mm-thick
platinum foil was inserted, and ~1 

 

n

 

 

 

Σ

 

Cl initial solution
was poured in. Each step was controlled by weighing

f O2

PH2O

 

with an accuracy of 10

 

–4

 

–10

 

–5

 

 g. In order to eliminate
air, the ampoule was blown with argon before welding.
The initial weight ratio glass/fluid was from 1.0 to 0.3.

After the experiment, the ampoule was carefully
wiped, weighed, and opened. The pH of the quenched
solution was measured by universal indicator paper.
The quenched glass was rinsed for 10–20 min in tridis-
tilled water with heating up to 80–100

 

°

 

C, then dried
and weighed. The weight loss of the aluminosilicate
sample due to melt dissolution or the weight gain due
to absorption of matter from solution was usually from 0
to 

 

±

 

4% rel.
Each glass sample was carefully divided into two

parts using a sharpened piece of corundum. Half of the
sample was used for a polished section, which exposed
the whole lateral section of the sample, i.e., its central
and marginal parts. The polished sections were exam-
ined on an optical microscope under reflected light in
order to check for the presence of crystalline phases,
and the composition of the samples was then deter-
mined on an electron microprobe. The second portion
of the sample was ground and used for IR spectral
investigations. Double-polished thin sections were also
prepared from pieces of samples for water analysis.

 

Electron Microprobe Analysis 

 

The full chemical composition of aluminosilicate
glasses was determined after experiments by the
method of microprobe analysis on a Camebax micro-
probe equipped with an energy-dispersive spectrometer
Link. The counting time (

 

τ

 

) was 100 s; beam diameter,
~2–5 

 

µ

 

m; and 

 

U 

 

= 15 kV. From 6 to 14 measurements
were made in each sample in the margins, center, and
by moving through the whole sample section. The aver-
age contents were then used. In order to minimize
sodium and potassium losses, the analysis was con-
ducted with continuous movement of the beam over the
sample surface. The analyses of some samples were
repeated under different conditions: (a) 

 

τ

 

 = 400–200 s
and (b) scanning over an area of 10 

 

×

 

 10 

 

µm. Rare crys-
tals occurred in some experiments and were also ana-
lyzed. The concentrations were calculated using the
ZAF correction procedure. The procedure of chlorine
analysis was described in detail by Chevychelov [5].

Infrared Absorption Spectroscopy 

The infrared absorption spectra of samples were
recorded within a wavenumber interval of 300–800 cm–1

in digital form on a Perkin Elmer m.983 spectropho-
tometer. A routine method was used with pressed KBr
tablets containing about 0.4–0.5% of the material stud-
ied (~2 mg of powdered sample). For about half of the
samples, two or three IR spectra were recorded using
materials from different sample portions. The obtained
complex wide asymmetric bands of IR spectra in the
frequency range 300–600 cm–1 were approximated by
two symmetric contours related to vibrations of four-



398

GEOCHEMISTRY INTERNATIONAL      Vol. 41      No. 4     2003

CHEVYCHELOV et al.

and six-membered aluminosilicate and silicate rings
using the program GRAMS for spectrum processing.

FTIR Spectroscopy 

In order to determine water content, double-polished
plates were prepared from each sample, 110–390 µm
thick. Near-IR spectra within 4000–6000 cm–1 (in the
region of overtone and combination bands) were
recorded in Pisa University, Italy, by P. Armienti on an
FTIR spectrometer. This method allows the local mea-
surement of IR spectra at a beam diameter of 20–30 µm
and selection of a beam path between crystals and bub-
bles, if the glass is not sufficiently homogeneous. The
total water content was determined as a sum of the concen-
trations of OH groups (band with a maximum at about
4500 cm–1) and molecular water (peak of 5200 cm–1). The
calculations were carried out using the formulas [18]

(1)

and

(2)

where  and AOH are absorptions in the maxima of
the bands due to molecular water and OH groups; ρ is
the glass density in g/l; d is the thickness of the glass
plate, which was determined directly in the point where
the IR spectrum was measured, cm; and  and εOH

are the molar extinction coefficients in l/(mol cm). They
were calculated after [18] accounting for SiO2 content
in glass samples for the absorption bands of molecular
H2O and OH groups. The correction for the recalcula-
tion of OH group content was included in the extinction
coefficient. The values of absorption for most samples
were measured in two to four widely spaced points.

Measurement of Sample Density 

In order to calculate water content in a quenched
glass sample from its FTIR spectral characteristics, the
density of this glass must be known. Sample density
was measured using a TGP-1 thermal gradient device.
The method of two standards was used with a mixture
of bromoform with a small amount of absolute alcohol
as a working liquid. The measurements were carried
out by T.V. Prasol. The results are shown in Table 1.

Transmission Electron Microscopy 

Samples 222 (0.96% of Cl) and 224 (without Cl)
were studied on a transmission electron microscope
ICX (TEM) at a magnification of 100 000. The analysis
of the powdered samples was carried out by V.I. Nikola-
ichik in the Institute of Microelectronic Technology
and Ultra-High-Purity Materials, Russian Academy of

CH2O wt %( )
1802AH2O

dρεH2O
-----------------------=

COH wt %( )
1802AOH

dρεOH
----------------------,=

AH2O

εH2O

Sciences (Chernogolovka, Moscow oblast). No appar-
ent differences were found between the amorphous
matters of these two samples. In the amorphous parti-
cles of sample 222, no crystalline phases were found
that could have been identified as chlorides. Thus, it is
reasonable to suggest that chlorine was homogeneously
distributed in our experiments through the volume of
aluminosilicate melt.

EXPERIMENTAL RESULTS

Chlorine Solubility in Model Granodiorite Melt 

Table 1 presents the experimental results on chlorine
solubility in water-saturated model granodiorite melt
coexisting with water–salt fluid of a complex composi-
tion. The bulk content of chlorides (recalculated to the
chloride of a monovalent metal, MeCl) varied in the ini-
tial solution within a wide range from 0 to ~98 wt %
with an increment of 1–25 wt %. The quenched grano-
diorite glasses from experiments 217 and 218 appeared
to be strongly depleted in calcium because of its extrac-
tion into fluid. In subsequent experiments, the use of
calcium-rich initial solutions allowed us to minimize
changes in the composition of aluminosilicate glasses
after experiments. Quenched glasses from some exper-
iments contained plagioclase and, occasionally, quartz
crystals, which accounted for no more than 5–10% by
volume. According to microprobe analysis, the plagio-
clase is labradorite (wt %, 53.5 SiO2, 29.1 Al2O3,
13.2 CaO, 3.5 Na2O, and 0.5 K2O) or, occasionally, pure
anorthite (45.6 SiO2, 34.7 Al2O3, 19.1 CaO, 0.3 Na2O, and
0.3 K2O). Fibrous mullite crystals (~27.2 SiO2 and
~72.8 Al2O3) or mixtures of mullite and sillimanite
were found in experiment 218.

Figure 1 shows the chlorine content of aluminosili-
cate melt depending on the bulk chloride abundance in
fluid. Under the P–T parameters of our experiments, the
system under investigation occurs in the field of two-
phase fluid in a rather wide range of chloride contents.
This diapason can be roughly estimated to lie between
~1.0–4.5 and ~80–95 wt % [19–21]. Figure 1 displays
the fields of low-density vapor (L1) and salt (L2) fluids
and the field where these two fluids coexist (L1 + L2).
The solubility of chlorine in melt is rather low (0.1–
0.5%) in the region of vapor fluid (L1) but rapidly
increases with increasing chlorine content in the sys-
tem. Within this field, the partition coefficient of chlo-
rine between fluid and melt (Dfluid/melt) is lower than ten.
Chlorine solubility in melt reaches a maximum value of
0.96% in equilibrium with the two-phase fluid at rela-
tively low bulk chloride content in the fluid (~7–11 wt %).
At the higher chloride content of fluid, the solubility of
chlorine in granodiorite melt decreases slightly to 0.50–
0.65 wt % and remains approximately constant in equi-
librium with fluid phases with a “bulk” MeCl content of
more than ~15 wt %. We did not observe any apprecia-
ble increase in the chlorine content of magmatic melt
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even in the presence of almost anhydrous homogeneous
chloride melt (94–98 wt % MeCl in the initial fluid).

Table 1 presents some molar ratios of glasses,
A/CNK = Al2O3/(CaO + Na2O + K2O), NK/A = (Na2O +
K2O)/Al2O3, ANC/S = (Al + Na + Ca)/Si, and ANCK/S =
(Al + Na + Ca + K)/Si. The results of previous studies,
e.g., [5, 7], suggest that these parameters control chlo-
rine solubility in aluminosilicate melts of various com-
positions. According to [22], almost all our samples fall
within the field of metaluminous compositions
(A/CNK < 1 and NK/A < 1) and some of them from
experiments with a salt or two-phase fluid approach
subaluminous compositions (A/CNK ~ 1). Only two
samples with glasses strongly depleted in calcium fall
within the peraluminous field (A/CNK > 1).

From the four molar ratios presented in Table 1, two
appeared to be the most appropriate for the construction
of correlation dependencies, A/CNK and ANC/S.
These integrated parameters adequately characterize
the composition of melt in the system studied. The
value A/CNK, which is the inverse of the agpaicity
index, reflects excess alumina or alkali content relative
to the feldspar component. The second parameter,
ANC/S, shows the proportion of feldspar and quartz
components in the composition. The use of NK/A for
the interpretation of our experimental results might
result in erroneous conclusions (e.g., Fig. 3 and expla-
nation to it in the text). The diagrams constructed with
the ratio ANCK/S showed dependencies similar to, but
less clear than, those with ANC/S.

Figure 2 shows the chlorine content of melt as a
function of A/CNK, which characterizes melt composi-
tion. Despite our effort to minimize variations in the

compositions of experimental melts, A/CNK varied in
our samples from 0.73 to 1.0 and higher (Table 1).
Straight lines show distinct negative correlations
(because melt compositions are enriched in alkalis and
calcium) between chlorine and A/CNK. Line 1 shows
chloride-saturated melts in the region of a vapor-domi-
nated fluid, L1. Line 2 approximates experimental melts
with elevated chlorine contents (A/CNK from ~0.76 to
0.80). Line 3 shows experiments in the presence of two-
phase or salt fluids (A/CNK from ~0.85 to 0.99 or
higher). Chlorine content in melt increases with
increasing excess of calcium, sodium, and potassium
relative to the feldspar end-member. This type of
dependency has been pointed out by many researchers
[5]. Correlation lines 2 and 3 (Fig. 2) are probably
related to two mechanisms of chlorine incorporation in
the melt structure, which are discussed below.

Figure 3 shows chlorine content of melt as a func-
tion of NK/A. Two straight lines bounding the field of
chlorine-bearing experiments illustrate a direct correla-
tion between chlorine content and NK/A of melt. This
dependency is in apparent contradiction with the results
of previous studies [5], because the opposite depen-
dency should be observed in melts with NK/A < 1.
However, since our system also contains calcium, the
melt compositions are enriched in total in sodium,
potassium, and calcium relative to the feldspar end-
member. The correct correlation dependencies can be
obtained using the A/CNK ratios (e.g., Fig. 2).

Figure 4 shows chlorine content as a function of
ANC/S, which varied in our experiments from ~0.4 to
0.54 (Table 1). The vertical line corresponds to line 1 in
Fig. 2 and points out the constancy of ANC/S ~(0.46–
0.47) in the region of vapor-dominated fluid (L1, chlo-
rine-undersaturated compositions). The horizontal line
corresponds to line 3 in Fig. 2 and demonstrates that in
the presence of two-phase and salt fluids, ANC/S in our
experiments varied from ~0.40 to 0.45 (0.48) at a chlo-
rine content of ~0.5–0.7 wt %. Line 2 emanates from
the intersection of lines 1 and 3 and corresponds to
experiments with high chlorine contents of melt and
elevated ANC/S values of ~0.47–0.49.

Results of the Analysis of IR Spectra
of Quenched Glass Samples

Table 2 shows the results of the IR spectral analysis
of granodiorite glass samples, which are expressed as
the fraction of six-membered rings in the sum of six-
and four-membered rings. This fraction is referred to as
the structural parameter α and varies in our samples
within ~0.60–0.76. It should be noted that this parame-
ter is conventional and not strictly quantitative. We are
aware that rings in amorphous glass may be distorted in
a random way. Probably, overlapping is possible. Part
of angles in the distorted T–O–T bonds of four-mem-
bered rings could be equal to those of six-membered
units. The abundance of five-membered rings is not
adequately known. Therefore, α can be considered as a

0
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0.6

0.8

1.0

Bulk content of chlorides in fluid, wt %

L1 L2L1 + L2

Cl in melt, wt %

1
2
3
4
5

Fig. 1. Chlorine content of granodiorite melt as a function
of the bulk chloride abundance of fluid. L1 and L2 are the
fields of vapor and salt fluids, respectively; L1 + L2 is the
field where these two fluids coexist. (1) Experiments with-
out chlorine; (2) L1 fluid; (3) L1 + L2 fluid; (4) L1 + L2 fluid,
experiments with elevated chlorine contents of melts; and
(5) L2 fluid.
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relative parameter that reflects structural transforma-
tions rather than the absolute fractions of particular
structural units.

Figure 5 shows an example of the approximation of
the asymmetric band of the IR spectrum of chlorine-
bearing hydrous glass by two symmetric contours cor-
responding to six- and four-membered rings. Figure 6
shows two histograms of distribution constraining the
positions of vibration maxima corresponding to six-
(average frequency of 423 cm–1) and four-membered
(465 cm–1) rings in the IR spectra of all analyzed
glasses from the results of approximation. Sykes and

Kubicki [23] predicted frequencies of 480–490 cm–1 for
the deformation vibrations of four-membered rings.
Seifert et al. [24] reported an interval of 480–490 cm–1

for this band in dry glasses. Quartz glass shows a char-
acteristic band at 437 cm–1 [25], which is higher than
the value accepted by us for six-membered rings. This
displacement could be due to the fact that part of the
aluminum probably occurs in six-membered rings,
which results in a decrease in the frequency of similar
vibrations in four- and three-membered rings. The pre-
cision of measurements and approximation was
assessed through the repeated measurements of other

Cl in melt, wt %
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0.8

1.0
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0
0.8 0.9 1.0
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Molar Al2O3/(CaO + Na2O + K2O) of melt

Fig. 2. Correlation of the chlorine content and the molar
ratio Al2O3/(CaO + Na2O + K2O) of melt. (1) Experiments
in the field of vapor fluid (L1) with melt undersaturated in
chlorides; (2) experiments with elevated chlorine content of
melt in the presence of two-phase fluid; and (3) experiments
in the presence of two-phase and salt fluids. Other symbols
are the same as in Fig. 1.
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Fig. 3. Chlorine content of granodiorite melt as a function
of the molar ratio (Na2O + K2O)/Al2O3. Two straight lines
bound the field of chlorine-bearing experiments. Symbols
are the same as in Fig. 1.
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Fig. 4. Chlorine content of melt as a function of the molar
ratio (Al + Na + Ca)/Si. Symbols are the same as in Figs. 1
and 2.
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Fig. 5. An example of the spectrum of infrared absorption
of chlorine-bearing hydrous glass. The spectrum is approx-
imated by two symmetric contours corresponding to (a) six-
membered (423 cm–1) and (b) four-membered (465 cm–1)
rings. The lower lines are the base line and residue diagram.
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parts of samples. The maximum deviation from the
average value was ±0.02 (~3% rel.).

Figure 7 shows that the structural parameter α
changes in a complex way with variations in the chlo-
rine content of melt. The results can be approximated
by two dependencies, which probably correspond to the
two mechanisms of chlorine dissolution in the melt
structure discussed below. First, an increase in the chlo-
rine content of melt from 0 to ~0.65 wt % is accompa-
nied by an increase in α, which is initially rather abrupt
from ~0.64 to ~0.70 and more gradual from 0.70 to
~0.74. These changes correspond to the transition of
four-membered feldspar elements of the aluminosili-
cate network into six-membered tridymite-like struc-
tural elements. Second, the results obtained for samples

with “anomalously” high chlorine in melt, from ~0.70
to 0.96 wt %, reveal the opposite tendency. In these
samples, the value of α declines to 0.66–0.70 and
approaches the α value of chlorine-free quenched
glasses.

In order to asses the influence of changes in the
composition of granodiorite glass on the value of the
structural parameter α from the data presented in
Tables 1 and 2, correlation coefficients were calculated
between the average values of α and various molar
ratios and between α and concentrations of particular
elements in glass composition. A significant correlation
was found between α and A/CNK (R = +0.85), ANC/S
(R = –0.95), SiO2 (R = +0.88), and CaO (R = –0.69).
Figure 8 shows variations in the structural parameter α
as a function of A/CNK. It is seen that an increase in
A/CNK from ~0.73 to 0.97 is accompanied by an
increase in the fraction of six-membered rings. When
A/CNK rises above one, α stabilizes at a level of ~0.73
and does not increase further. Thus, the excess of alka-
lis and calcium in melt composition stabilizes four-
membered feldspar structural units (α decreases). Fig-
ure 9 shows changes in the value of α depending on the
molar ratio ANC/S. It is seen that an increase in ANC/S
from ~0.4 to ~0.54 is accompanied by a gradual α
decrease; i.e., the fraction of four-membered rings
increases in the structure of quenched glass.

Bulk H2O Content and Concentrations 
of OH– and Molecular Water 

in the Composition of Granodiorite Melt

Table 2 shows the results of the determination of
H2O speciation in granodiorite glasses, the ratio of OH–

group concentration to bulk water content (OH–/H2O), and
the sum of chlorine and water contents, Σ(Cl + H2OΣ).
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ν = 423.3 cm–1; σ = 2.66 ν = 465.2 cm–1; σ = 0.83

(b)

Wavenumber, cm–1 Wavenumber, cm–1
464 465 466 467

Fig. 6. Histograms characterizing the position of vibration maxima in the IR spectra of all analyzed glasses, which correspond,
according to the results of approximation, to (a) six-membered (423 cm–1) and (b) four-membered (465 cm–1) rings.
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Fig. 7. Variations of the structural parameter α as a function
of the chlorine content in granodiorite melt. Points corre-
sponding to a single experiment are connected by vertical
lines. Symbols are the same as in Fig. 1.

N



GEOCHEMISTRY INTERNATIONAL      Vol. 41      No. 4      2003

MECHANISM OF CHLORINE DISSOLUTION 403

Ta
bl

e 
2.

  S
tr

uc
tu

ra
l c

ha
ra

ct
er

is
tic

s 
an

d 
co

nc
en

tr
at

io
ns

 o
f 

di
ff

er
en

t H
2O

 f
or

m
s 

in
 g

ra
no

di
or

ite
 g

la
ss

es

R
un

 n
o.

α 
=

 6
/(

4 
+

 6
)1 *

Plate thick-
ness3*, cm

ρ4*,
g/l

OH–

absorbance

,
l/(mol cm)

H2Omol
absorbance

,

l/(mol cm)

,
wt %

OH– 5*,
wt %

,
wt %

OH–/

Σ(Cl +

6*

I2 *
II

2 *
II

I2 *

21
5

0.
68

3
22

3
0.

60
2

ba
d

sp
ec

tr
um

0.
01

95
23

70
0.

04
84

1.
09

0.
08

41
1.

25
4.

35
1.

73
2.

62
0.

39
8

4.
35

0.
05

10
0.

08
80

4.
57

1.
82

2.
75

0.
39

9
4.

57
0.

01
94

0.
04

9
0.

09
4

4.
71

1.
76

2.
95

0.
37

4
4.

71
22

4
0.

64
7

0.
64

0
0.

03
86

23
70

0.
08

71
1.

13
0.

16
13

1.
30

3.
96

1.
52

2.
44

0.
38

4
3.

96
0.

08
78

0.
16

08
3.

97
1.

53
2.

44
0.

38
5

3.
97

0.
03

53
0.

09
2

0.
16

8
4.

53
1.

75
2.

78
0.

38
6

4.
53

22
8

0.
68

9
0.

71
1

0.
02

51
23

50
0.

06
52

1.
19

0.
13

04
1.

37
4.

58
1.

67
2.

91
0.

36
5

4.
66

0.
06

79
0.

12
96

4.
63

1.
74

2.
89

0.
37

6
4.

71
21

6
0.

64
0

0.
68

6
0.

67
5

–
23

40
–

1.
14

–
1.

32
4.

52
1.

54
2.

98
0.

34
1

5.
38

22
2

0.
64

3
0.

67
8

0.
01

23
23

40
0.

02
68

1.
13

0.
05

27
1.

30
4.

02
1.

48
2.

54
0.

36
8

4.
98

0.
02

79
0.

05
53

4.
21

1.
55

2.
66

0.
36

8
5.

17
0.

02
98

0.
05

51
4.

30
1.

65
2.

65
0.

38
4

5.
26

0.
01

1
0.

02
8

0.
05

1
4.

48
1.

73
2.

75
0.

38
6

5.
44

23
4 

(b
ub

bl
e-

fr
ee

)
0.

69
8

0.
02

26
5

23
40

0.
06

1
1.

16
0.

10
5

1.
34

4.
44

1.
78

2.
66

0.
40

1
5.

14
23

0
0.

72
1

sh
if

t (
41

9)
0.

02
13

23
35

0.
05

75
1.

20
0.

10
83

1.
38

4.
58

1.
74

2.
84

0.
38

0
5.

13
0.

05
74

0.
11

28
4.

70
1.

74
2.

96
0.

37
0

5.
25

23
1

0.
73

3
0.

01
55

23
35

0.
04

2
1.

22
0.

08
2

1.
41

4.
61

1.
71

2.
90

0.
37

1
5.

17
21

7 
(C

a 
de

fic
it)

0.
75

8
0.

72
2

0.
72

7
–

23
35

–
1.

23
–

1.
42

4.
52

1.
68

2.
84

0.
37

2
5.

17
22

0
0.

72
7

0.
02

87
23

35
0.

08
00

1.
24

0.
14

47
1.

44
4.

43
1.

73
2.

70
0.

39
1

4.
91

0.
07

86
0.

14
80

4.
46

1.
70

2.
76

0.
38

1
4.

94
0.

02
85

0.
08

4
0.

14
8

4.
61

1.
83

2.
78

0.
39

7
5.

09

22
5

0.
01

74
23

35
0.

05
1

1.
27

0.
09

8
1.

48
4.

72
1.

78
2.

94
0.

37
7

5.
30

21
8 

(C
a 

de
fic

it)
0.

72
9

0.
72

6
23

5 
(b

ub
bl

e-
fr

ee
)

0.
73

6
22

1
0.

70
1

0.
69

1
0.

02
23

23
35

0.
06

11
1.

22
0.

11
09

1.
42

4.
43

1.
73

2.
70

0.
39

1
5.

05
0.

02
13

0.
05

8
0.

11
7

4.
71

1.
72

2.
99

0.
36

5
5.

33
22

7
0.

70
4

0.
01

28
23

35
0.

03
18

1.
23

0.
06

26
1.

42
4.

22
1.

56
2.

66
0.

37
0

4.
55

0.
03

52
0.

06
27

4.
39

1.
73

2.
66

0.
39

4
4.

72
0.

01
27

5
0.

03
33

0.
06

4
4.

37
1.

64
2.

73
0.

37
5

4.
70

N
ot

e:
1 * 

R
es

ul
ts

 o
f 

th
e 

an
al

ys
is

 o
f 

IR
 s

pe
ct

ra
 o

f 
qu

en
ch

ed
 g

la
ss

 s
am

pl
es

 e
xp

re
ss

ed
 a

s 
α,

 th
e 

ra
tio

 o
f 

si
x-

m
em

be
re

d 
ri

ng
s 

to
 th

e 
su

m
 o

f 
fo

ur
- 

an
d 

si
x-

m
em

be
re

d 
ri

ng
s 

(s
ee

 te
xt

 f
or

 m
or

e
de

ta
ils

).
2 * 

T
hr

ee
 s

eq
ue

nt
ia

lly
 c

on
du

ct
ed

 m
ea

su
re

m
en

t s
er

ie
s.

3 * 
T

hi
ck

ne
ss

 o
f 

pl
at

es
 p

re
pa

re
d 

fo
r 

th
e 

de
te

rm
in

at
io

n 
of

 w
at

er
 c

on
te

nt
 in

 s
am

pl
es

.
4 * 

G
la

ss
 d

en
si

ty
 ρ

 u
se

d 
in

 th
e 

ca
lc

ul
at

io
n 

of
 w

at
er

 c
on

te
nt

; ε
O

H
 a

nd
 

 a
re

 th
e 

co
ef

fic
ie

nt
s 

of
 m

ol
ar

 e
xc

ita
tio

n 
of

 O
H

–  a
nd

 H
2O

m
ol

 c
al

cu
la

te
d 

af
te

r 
[1

8]
.

5 * 
C

on
ce

nt
ra

tio
ns

 o
f 

di
ff

er
en

t H
2O

 f
or

m
s 

in
 g

la
ss

 s
am

pl
es

: H
2O

Σ 
is

 th
e 

bu
lk

 c
on

te
nt

, O
H

–  is
 th

e 
co

nt
en

t o
f 

O
H

–  g
ro

up
s,

 a
nd

 H
2O

m
ol

 is
 th

e 
co

nt
en

t o
f 

m
ol

ec
ul

ar
 w

at
er

.
6 * 

O
H

– /H
2O

Σ 
is

 th
e 

ra
tio

 o
f 

th
e 

co
nc

en
tr

at
io

n 
of

 O
H

–  g
ro

up
s 

to
 th

e 
bu

lk
 w

at
er

 c
on

te
nt

; Σ
(C

l +
 H

2O
Σ)

 is
 th

e 
su

m
 o

f 
ch

lo
ri

ne
 a

nd
 w

at
er

 c
on

te
nt

s 
in

 g
la

ss
 s

am
pl

es
.

εOH
4*

εH2O
4*

H2OΣ
5*

H2Omol
5*

H2OΣ
6*

H2OΣ)

ε H
2
O



404

GEOCHEMISTRY INTERNATIONAL      Vol. 41      No. 4     2003

CHEVYCHELOV et al.

The bulk water content in the experimental granodiorite
glasses was determined as ~4.2–4.6 wt %.

Figure 10 shows the dependency of the bulk H2O
content in granodiorite glass on the molar ratio A/CNK.
The data obtained can be divided conventionally into
two groups similar to the above-discussed distinction
with respect to the chlorine content of melt and the
value of the structural parameter α as a function of
A/CNK. Glasses enriched in alkalis and calcium
(A/CNK = 0.73–0.80) show relatively low bulk water
contents, ~4.2–4.5 wt % on average, whereas more alu-
minous compositions (A/CNK = 0.86–1.09) have
slightly higher bulk water contents, ~ 4.5–4.6 wt %.

Figure 11 shows the fraction of OH– groups in the
bulk water content of quenched glasses. In general,
there are no significant differences in the concentra-
tions of both water forms dissolved in glasses. The dis-
tribution of water forms (hydroxyl and molecular
water) in the quenched glasses does not depend on
chlorine content and melt agpaicity and is approxi-
mately constant, (OH–/H2OΣ = 0.38 ± 0.02).

There is a significant correlation between the chlo-
rine content and the sum of chlorine and water in the
composition of granodiotrite glass (R = +0.90). Figure 12
shows that the sum of chlorine and water contents,
Σ(Cl  + H2OΣ), in glass samples is lowest in the chlo-
rine-free experiments (~4.2–4.5 wt %), increases up to
~4.7 wt % in the experiments with presumably single-
phase vapor and salt fluids, and attains a constant max-
imum level of ~5.1–5.3 wt % in all experiments with a
two-phase fluid both with the normal and anomalously
high chlorine content of glass. It can be suggested that
in the experiments with anomalously high chlorine con-
tent, water and chlorine compete with each other for
identical structural positions in the melt.

DISCUSSION

Correlation Analysis 

The system that was experimentally studied is multi-
component, and, although it is a model, it is too complex
to be analyzed on the basis of the above-described pair
correlation relationships. Because of this, the data
obtained on the structure and composition of granodior-
ite glass samples were described by a multiple linear
regression model:

(3)
α 0.3216 0.3177 A/CNK( )+=

+ 0.0179CH2O 0.0177CCl.+

0.76

0.72

0.68

0.64

0.60

α = 6/(4 + 6)

0.8 0.9 1.0 1.1
Molar Al2O3/(CaO + Na2O + K2O) of melt

Fig. 8. Structural parameter α as a function of the molar
ratio Al2O3/(CaO + Na2O + K2O) in melt composition.
Symbols are the same as in Figs. 1 and 7.
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α = 6/(4 + 6)

0.40
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Fig. 9. Structural parameter α as a function of the molar
ratio (Al + Na + Ca)/Si in melt composition. Symbols are
the same as in Figs. 1 and 7.

Fig. 10. Bulk water content as a function of the molar ratio
Al2O3/(CaO + Na2O + K2O) in granodiorite melt. Symbols
are the same as in Figs. 1 and 7.
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The correlation coefficient is R = + 0.87 (Fig. 13).
A multiple linear regression model for a set of ran-

dom values (in our case, for the structural parameter α,
water content, chlorine content, and molar ratio
A/CNK) is characterized by the multiple correlation
coefficient R. It shows the degree of connection
between the variations of α and parameters that were
taken as independent random values in the linear
regression function:

. (4)

If the parameter α is strictly defined by the values of
independent parameters, R = 1. If they are absolutely
independent, R = 0.

All the data from Tables 1 and 2 were used for
regression analysis. The whole data population shows a
relatively high R of 0.87, which suggests a strong cor-
relation between the parameters under consideration. It
can be pointed out that the values of the coefficients
a2 =  and a3 = aCl are similar in order of magnitude
and close to the coefficient of proportionality between
the water content and the structural parameter α of gra-
nitic melt [13]. On the other hand,  and aCl are
much smaller than a1 = aA/CNK, which characterizes the
general composition of the melt. Taking into account
the dependence of the molar ratio A/CNK on the con-
centrations of cations, it can be shown that the influence
of sodium and potassium on the structural parameter α
is of the same order of magnitude as the influence of
chlorine and water.

Discussion of Experimental Results 

It was expected that, with increasing chloride con-
tent of fluid phases, the Cl concentration of granodior-

α α– a1 A/CNK( ) a2CH2O a3CCl+ +=

aH2O

aH2O

itic melt would increase in the presence of a homoge-
neous vapor fluid, be constant in the region of a two-
phase fluid, and remain at the same level or increase in
the presence of a homogeneous salt fluid. The concen-
tration of H2O in the melt will be constant in the case of
a homogeneous vapor or two-phase fluid and decrease
with decreasing water activity in the region of a single-
phase salt fluid. The dependencies obtained are only
partially consistent with these regularities, which were
reported by Webster and other researchers [3–10].

Our experimental results revealed a region of anom-
alously high chlorine solubility in granodioritic melt

OH–/H2Osum

0.2

0.45

0.40

0.35

0.30
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0 0.4 0.6 0.8 1.0

Cl in melt, wt %

Fig. 11. Ratio of the concentration of OH– groups to the
bulk water content of granodioritic melt as a function of the
chlorine concentration of glass. Symbols are the same as in
Figs. 1 and 7.
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Fig. 12. Sum of H2O and Cl contents of granodiorite glass
as a function of the chlorine concentration of the glass.
Symbols are the same as in Figs. 1 and 7.
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Fig. 13. Results of the multiple linear regression of the
dependence of the structural parameter α on A/CNK, water
content, and chlorine content in the composition of
quenched granodiorite glass. Points corresponding to a sin-
gle experiment are connected by lines or marked by rectan-
gles. Other symbols are the same as in Fig. 1.
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(up to 0.9–1.0 wt %) in the presence of a two-phase fluid
with relatively low bulk MeCl concentration, ~7–11 wt %.
More logically, the maximum on the chlorine solubility
curve might have been expected in the region of a sin-
gle-phase fluid. A decrease and approximate constancy
are reasonable at the transition into the two-phase
region. However, in accordance with [19–21], it seems
improbable that at the P–T parameters of our experi-
ments the decomposition of aqueous chloride fluid into
two phases occurred at MeCl concentrations no lower
than 10 wt %. We believe that this maximum chlorine
concentration is related to differences in melt composi-
tion (increase in agpaicity: A/CNK decreases from 0.9–
1.09 to 0.76–0.80, while ANC/S increases from 0.41–
0.48 to 0.47–0.54). However, it is possible that the dif-
ferences in melt composition are related in turn to
fluid–melt interaction. These changes in melt composi-
tion exert a more pronounced influence on chlorine sol-
ubility than on water solubility. Changing the composi-
tion of initial solution, we attempted to minimize the
difference in the compositions of quenched glasses, but
the remaining variations probably affected the results.

The bulk water content of granodiorite glass is
almost invariant within the whole compositional range
(~4.2–4.6 wt %) and practically independent of the
composition of fluid coexisting with the melt.

It is difficult to describe rigorously the coupling of
water and chlorine solubilities in magmatic melt,
because solubility depends on the properties of fluid,
the activity of its components, melt composition, and a
number of other parameters. It was shown above that
the total set of experimental results is characterized by
a significant pair correlation between chlorine content
and the sum of chlorine and water in the composition of
granodiorite glasses. Water concentration is approxi-
mately constant (~4.5–4.6 wt %) in the melts with nor-
mal chlorine contents (lower than ~0.7 wt %) and inde-
pendent of chlorine solubility. The melts with anoma-
lously high chlorine contents contain ~4.2–4.5 wt % of
water, and their chlorine and water concentrations are
inversely proportional; i.e., chlorine competes with
water, in them. It can be supposed that in such a case,
dissolution of water and chlorine in granodiorite melt is
accompanied by their interaction with alkali earth or
alkali metals through similar mechanisms.

Our experimental samples can be divided into two
groups using the following four criteria: differences in
melt composition (A/CNK and ANC/S), chlorine con-
tent of melt, bulk water content of melt, and the struc-
tural parameter α.

The first group comprises glasses with anomalously
high chlorine contents and from experiments without
chlorine, which are enriched in Ca, Na, and K. The sec-
ond group includes glasses from remaining experi-
ments. For experiment 227 with a concentrated salt
phase, numerals in parentheses show low concentra-
tions of chlorine and water deviating from the general
trend. It should be noted that the difference in water
content between the glasses of these two groups is
within the scatter of our results and this effect must be
confirmed by additional data.

Two Possible Mechanisms of Chlorine Dissolution
in Granodiorite Melt 

It is known that chlorine is bonded in the melt struc-
ture only to network-modifying cations (Na, K, Ca, Fe,
etc.) in contrast to fluorine, which can also interact with
the network-forming elements (Si and Al). Granodior-
itic melt is composed mainly of tridymite (six-mem-
bered rings) and feldspar (four-membered rings) struc-

tural units. The feldspar structural units are stabilized
by cations of alkali and alkali earth metals bonded with
them. Two alternative hypotheses can be proposed for
chlorine dissolution in granodioritic melt.

According to one hypothesis, all the data, except for
the experiments with anomalously high chlorine con-
tents, can be interpreted in the context of the structure
of polymerized granitic and granodioritic melts. Metal
chlorides can probably form interstitial solutions with
the aluminosilicate network (Fig. 14). Chlorides are
preferentially incorporated in the areas with a local
medium-range order structure composed of six-mem-
bered tridymite-like aluminosilicate rings, which is
consistent with the above-described IR spectroscopic
data (Fig. 7; Fig. 2, line 3). That is, the decomposition
of feldspar structural units and release of network-mod-
ifiers in general promote chlorine dissolution in the
melt. According to [26], the albite end-members (struc-
tural elements of melt) are unstable in silicic melt and
decompose in part into the nepheline and quartz end-
members. Chlorine and water can be incorporated into

No. A/CNK ANC/S Structural parameter
α = 6/(4 + 6)

Chlorine content
of melt

Water content of 
melt

Group I 0.73–0.80 0.47–0.54 0.60–0.70 0.7–0.96% and
Cl-free experiments

~4.2–4.5%

Group II 0.90–1.09 0.41–0.48 0.70–0.74 0.48–0.65% 
(0.33%)

~4.5–4.6% (4.3%)
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nepheline components forming the sodalite end-mem-
ber, which can be imagined as a local environment of
chlorine in melt proceeding from the structure of NaCl
solid solution in aluminosilicate. The structure of
sodalite, 6NaAlSiO4 · 2NaCl, is a hollow “lantern”
composed of six-membered rings (with a T–O–T angle
of 138.5° similar to tridymite) forming four-membered
junctions with the same angles of the T–O–T bonds.
The chlorine ion sits within the cavity and is tetrahe-
drally coordinated by Na ions. The density of the com-
pound is about 2.3, which is close to the density of
hydrous silicic melt. Thus, the nearest environment of
chlorine in melt is probably formed by alkali and alkali
earth cations. In addition, they interact with the alumi-
nosilicate network compensating the excess charges of
oxygen of the rings. The example of sodalite shows that
the whole construction may be symmetric (cubic sys-
tem), which does not allow us to allege a specific con-
nection between chlorine and any particular metal ion.
In addition to sodium, calcium may occur in the struc-
ture of sodalite (lazurite), whereas the incorporation of
potassium in such a structure is less probable. Potas-
sium feldspar is one of the most stable feldspars, in
which the large potassium atom resides in the hollow
that could have been occupied by chlorine or water.
This is consistent with the experimental data of Chevy-
chelov and Suk [27], who demonstrated that chlorine
solubility in potassium-rich aluminosilicate melt is
lower than that in calcium- and sodium-rich composi-
tions.

On the other hand, chlorine may occur in melt in two
positions: either in the coordination sphere of the cat-
ions that almost do not interact with the network or in
the coordination sphere of the cations that do not lose
such a connection. Chlorine bonded with a released cat-
ion forms as if a microcluster of the salt phase. Anfil-
ogov et al. [28] described transitions from salt solutions
in a silicate component on the molecular level through
microclusters to liquid immiscibility. The true solubil-
ity of chlorides in silicate melts is rather low and con-
trols chlorine solubility, for example, in the form of
NaCl. On the other hand, divalent calcium can form
salts of the oxychloride type, (CaClO–), where oxygen
is connected with the feldspar structural unit. Chlorine
bonded through calcium with the network occupies the
second structural position, which is filled in addition to
the pure salt one. Water dissolution in melt containing
anorthite structural components can also be accompa-
nied by partial hydration of calcium. Chlorine and
hydroxyl may compete for this position. It is conceiv-
able that, along with the first mechanism, the second
mechanism of chlorine dissolution begins working at
anomalous high chlorine solubility (~0.7–0.96) in the
system studied. In such glasses, the structural parame-
ter α is equal to 0.66–0.70, i.e., the number of feldspar
structural units in these melts is higher than that of
chlorine-bearing melts from other experiments (Fig. 7;
Fig. 2, line 2). According to the crystal chemistry of
feldspars, Ba and, to a lesser extent, Sr can play a role

similar to that of Ca. Other divalent cations, such as Fe
and Mg, do not enter the feldspar structure and are
probably not bonded in melt with feldspar structural
units. Because of this, their role in the positioning of
chlorine in the melt structure may be different.

A more detailed description of different structural
positions of Ca in melt can be obtained by means of

Si

Cl

O

Na

Al

O

Al

Na

Cl

Si

(a)

(b)

Fig. 14. Possible position of chlorine in the structure of poly-
merized granite–granodiorite melt. (a) 110- and (b) 010-pro-
jections of an individual “lantern” of sodalite structure with
a tetrahedron of Na ions surrounding Cl– in the center. This
picture was prepared using the program MolDraw (4.0, 1989)
designed by P. Ugliengo, G, Borzani, D. Viterbo, and G. Chiari.
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NMR investigations using the stable rare isotope 43Ca.
For instance, Zavel’skii and Salova [29] determined
two positions of 23Na in sodium silicate glass. The more
symmetric position was correlated with detached
sodium, while the less symmetric was interpreted as
being connected with the network. The second position
changes into the first one as the water content increases.

CONCLUSION
(1) At P = 1 kbar and T = 1000°C, chlorine solubility

in granodiorite melt is ~0.50–0.65 wt % at a fluid chlo-
ride salinity higher than ~15 wt %. The bulk water content
of granodiorite glass is ~4.2–4.6 wt %. A region of anom-
alously high chlorine solubility (up to 0.9–1.0 wt %) was
observed at a total salinity of the two-phase fluid of ~7–
11 wt % of MeCl. We believe that it is related to varia-
tions in melt composition (molar ratio A/CNK
decreases from 0.9–1.09 to 0.76–0.80, while ANC/S
increases from 0.41–0.48 to 0.47–0.54). These differ-
ences in melt composition exert a stronger influence on
chlorine solubility than on water solubility.

(2) The concentrations of water and chlorine in melt
are essentially independent of each other at Cl contents
lower than ~0.7 wt %. Only at anomalously high chlo-
rine contents did the concentrations of chlorine and
water become inversely proportional. It is reasonable to
suppose that chlorine begins competing with water for
similar structural position in the melt.

(3) The data obtained allowed us to reveal a good
multiple correlation (R = +0.87) between the structural
parameter α and melt composition characteristics,
(A/CNK), water content, and chlorine content. It was
found that differences in melt composition (A/CNK
and ANC/S) exert a stronger influence on the value of
α in comparison with the effect of water and chlorine
contents of the melt. This is supported by the fact that
the whole set of results is characterized by good pair
correlations between the structural parameter α and
A/CNK, ANC/S, and SiO2 and CaO concentrations.

(4) Two alternative mechanisms were proposed for
chlorine dissolution in granodiorite melt. At concentra-
tions of ~0.50–0.65 wt %, chlorine probably enters the
structure of polymerized melt during the decomposi-
tion of feldspar structural elements and formation of
sodalite ones. At higher contents of ~0.70–0.96 wt %,
chlorine could also be connected through divalent cal-
cium with the feldspar structural elements. The absence
of salt phases in the glasses was ascertained by TEM
investigations at a magnification of 100 000.
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