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Abstract

Experimental studies of Cl solubility in trachytic to phonolitic melts provide insights into the capacity of alka-
line magmas to transport Cl from depth to the earth’s surface and atmosphere, and information on Cl solubility
variations with pressure, temperature and melt or fluid composition is crucial for understanding the reasons for
variations in Cl emissions at active volcanoes. This paper provides a brief review of ClI solubility experiments
conducted on a range of trachytic to phonolitic melt compositions. Depending on the experimental conditions
the melts studied were in equilibrium with either a Cl-bearing aqueous fluid or a subcritical assemblage of low-
ClI aqueous fluid + Cl-rich brine. The nature of the fluid phase(s) was identified by examination of fluid inclu-
sions present in run product glasses and the fluid bulk composition was calculated by mass balance. Chlorine
concentrations in the glass increase with increasing Cl molality in the fluid phase until a plateau in Cl concen-
tration is reached when melt coexists with aqueous fluid + brine. With fluids of similar CI molality, higher CI
concentrations are observed in peralkaline phonolitic melts compared with peraluminous phonolitic melts; over-
all the CI concentrations observed in phonolitic and trachytic melts are approximately twice those found in calc-
alkaline rhyolitic melts under similar conditions. The observed negative pressure dependence of Cl solubility im-
plies that Cl contents of melts may actually increase during magma decompression if the magma coexists with
aqueous fluid and Cl-rich brine (assuming melt-vapor equilibrium is maintained). The high Cl contents (ap-
proaching 1 wt% Cl) observed in some melts/glasses from the Vesuvius and Campi Flegrei areas suggest satu-
ration with a Cl-rich brine prior to eruption.

Key words alkaline magmas — solubility — chlorine — et al., 1984; Symonds et al., 1988; Albritton,
supercritical fluid 1989). In addition, recent developments of spec-
troscopic methods to measure CI and S emis-
sions at active volcanoes offer the possibility to

1. Introduction use measured variations in Cl and S emissions
to better understand the subsurface movements
Chlorine generally occurs as a minor com- of magmas and eruption likelihood (e.g., Fran-
ponent in most magmas and fumarolic gases. cis et al., 1998; Love et al., 1998; Duffell et al.,
However, it has been observed that the release 2003; Edmonds et al.,2003). However, such ap-
of Cl from volcanoes to the atmosphere during plications require adequate knowledge of the
eruptions and quiescent degassing may con- factors controlling Cl distribution between melt
tribute to thinning of the ozone layer and the and fluid(s) in decompressing magmas.
production of acid rain (Johnston, 1980; Devine In recent years the study of volatiles in melt

(now glass) inclusions has provided a wealth of

data about Cl abundance in silicate melts under

B ) o magmatic conditions (e.g., Lowenstern, 1995,
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Fig. 1. Pressure-Xnaci diagram of the system NaCl-
-H,O with 850 and 900°C isotherm (redrawn after
Anderko and Pitzer, 1993a). The polythermal projec-
tion of the 3-phase vapor+brine+halite equilibrium
onto the pressure-composition section is from Bishoff
(1991) and Anderko and Pizer (1993a). Experiments
with bulk CI contents that fall within the solvus will
coexist with both an aqueous fluid phase (containing
a small amount of Cl) and a salt-rich brine.

Although the absolute amount of Cl in magmas
is difficult to estimate, the knowledge of solu-
bility limits is of fundamental importance for
interpretation of glass inclusion Cl abundance.
In many cases, solubility data provide an upper
limit on the volatile content of melts and they
also provide indirect information about the
presence of Cl-bearing fluid(s) within the mag-
ma body.

This paper reviews some recent work in-
volving experimental determination of the solu-
bility and the fluid/melt partitioning of chlorine
in hydrous, evolved alkaline magmas at shallow
crustal depths (<~8 km). Cl solubility behavior
at crustal pressures differs somewhat from that
of water and carbon dioxide because in Cl-rich
systems the silicate melts may also coexist with
a Cl-rich brine. Most experimental studies of ClI
solubility in hydrous systems have added CI to
the experimental samples using aqueous (Na, K)
Cl solutions (Shinohara et al., 1989; Métrich
and Rutherford 1992; Webster, 1992a,b; Student
and Bodnar 1999; Signorelli and Carroll, 2000,
2001, 2002). This approach allows description
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of the behavior of Cl-bearing fluid using the
well-known system NaCl-H>O (Sourirajan and
Kennedy 1962; Bodnar et al., 1985; Chou,
1987; Anderko and Pitzer 1993a,b). For H,O-
rich solutions, the binary phase relations (fig. 1)
show a single fluid phase of variable composi-
tion at high pressures or low Cl concentrations.
Published experimental data for silicate melts
coexisting with low-Cl fluids, or with supercrit-
ical Cl-bearing fluids show that Cl partitions
strongly into aqueous fluids relative to silicate
melts by a factor of ~20 to 300 (e.g., Holland,
1972; Kilinc and Burnham, 1972; Webster,
1992a.b; Kravchuk and Keppler, 1994; Student
and Bodnar, 1999). Webster (1992a.,b) has also
found that Cl concentration in rhyolitic melts
coexisting with a single aqueous fluid phase
with low ClI content (<20 wt% CIl) decreases as
pressure increases from 200 to 800 MPa and the
fluid/melt partition coefficient for CI increases
with increasing pressure.

However, with increasing concentration of
Cl in the solution at pressures below ~200 MPa,
the binary system H>O-NaCl is characterized by
an immiscibility gap (subcritical region; see fig.
1) within which a Cl-poor, aqueous fluid coex-
ists with a Cl-rich, hydrosaline brine. Within the
subcritical region, the compositions of aqueous
fluid and brine are invariant at constant pressure
and temperature, which means that Cl and H,O
concentrations in the fluids and the coexisting
silicate melt will be fixed (Gibbs’ phase rule). A
constant Cl content in the glass (flat distribution
or plateau) for further addition of CI to the sys-
tem is the typical expression of the melt being
saturated with both a hydrosaline liquid and an
H,O-rich aqueous fluid and it is assumed to de-
fine the solubility limit for Cl in the hydrous sil-
icate melt (Malinin et al., 1989; Shinohara et al.,
1989; Meétrich and Rutherford, 1992; Webster,
1992a.b; Signorelli and Carroll, 2000, 2001,
2002). Experiments carried out in this region
(coexisting silicate melt + aqueous fluid + brine)
for hydrous rhyolitic melts have documented
that: 1) chlorine does not partition strongly into
the water-rich fluid phase and the aqueous flu-
id/melt partition coefficient is ~5 at 100 MPa
(Webster and Holloway, 1988; Shinohara ef al.,
1989; Métrich and Rutherford, 1992; Candela
and Piccoli, 1995; Williams, 1995); 2) there is a
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positive correlation between the fluid/melt dis-
tribution coefficient and total pressure (Shino-
hara et al., 1989; Malinin et al., 1989); and 3)
chlorine solubility, that is the maximum amount
of Cl in a melt coexisting with a brine + aqueous
fluid assemblage, depends strongly on melt
composition (e.g., Webster and De Vivo, 2002)
and pressure. The solubility varies from a few
thousand ppm to ~1 wt%, being higher in peral-
kaline rhyolites (pantellerites) relative to meta-
luminous compositions (Shinohara et al., 1989;
Métrich and Rutherford, 1992) Results present-
ed in this review paper extend these observa-
tions to consider trachytic and phonolitic melts,
which have much higher CI solubilities than typ-
ical calcalkaline rhyolitic melt compositions.
Silicate melts can be saturated with respect
to a fluid phase (e.g., H,O, CO», noble gases) or
a mineral phase (e.g., anhydrite or pyrrhotite
for S-bearing magmas). The solubility of Cl is a
more complex and ambiguous term since the
silicate melt can be saturated with respect to
mineral, liquid and fluid phases (e.g. halite,
pure liquid NaCl or a Cl-rich brine, Cl,, HCI or
Cl-bearing aqueous fluids). Throughout this pa-
per, the term solubility is used to refer to the
maximum amount of CI that can be dissolved in
the silicate melt when it is saturated with an im-
miscible aqueous fluid + brine assemblage at a
given set of conditions. The distribution of Cl
between a melt and an aqueous phase is gener-
ally expressed in the literature as Nernst-type
partition coefficients (Dm/aqg, c1, Where m=melt,
aq=aqueous fluid). However, only components
that can vary independently in a phase or a sys-
tem have a real distribution coefficient (Can-
dela and Piccoli, 1995) and this is not strictly
true for CI (although it would be true for com-
ponents such as NaCl, KCl, etc.; e.g., see Can-
dela and Piccoli, 1995; Frank et al., 2003).
However, given the lack of knowledge concern-
ing Cl speciation in the fluid phase, a simple
Nernst-style partition coefficient is often used
in discussion of melt-fluid partitioning of CI.

2. Pressure and Cl solubility

The solubility of CI in phonolitic melts
equilibrated with Cl-bearing fluids over a range
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Fig. 2a)b. Variation of the chlorine molality in the
melt with the calculated chlorine molality in a single
fluid phase (for brine-saturated conditions this is an
«apparent molality» because the melt coexists with
both Cl-poor aqueous fluid and Cl-rich brine). a)
Chlorine molality (Cm,c1) of MB phonolitic melts ver-
sus Cl molality at P=150 Mpa, T=850°C. Experi-
ments carried out in the two-phase field (melt + aque-
ous fluid) are represented as open circles and those in
the three-phase field (melt + aqueous fluid +hydros-
aline brine) are represented as solid circles. b) Sum-
mary of variation of the chlorine molality in the melt
with the chlorine molality in a single fluid phase (ex-
perimental data points not shown). The vertical bars
show the two-sigma standard deviations on analyses
of chlorine in the silicate melt Cr, ¢ (moles/kg) Cm.ci
(ppm)/35450 (data from Signorelli and Carroll, 2000).

of pressures and fluid Cl contents, as deter-
mined by Signorelli and Carroll (2000), is
shown in fig. 2a,b. The melt composition used
in these experiments is given in table I and ex-
perimental details are given in Signorelli and
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Table I. Composition (Wt%) on water free basis of experimental starting materials.

Sample  Montafia  Vesuvius Phlegracan Vesuvius  Vulsini  Zikwala Seite Synthetic
Blanca Fields Cidades  phonolite
MB Ves CI VS (0] ER SM D
SiO» 595 573 62.1 629 599 68.3 64.6 58.7
TiO; 0.66 0.19 0.44 0.37 0.55 0.53 0.63
AlLO; 19.0 21.7 18.60 18.00 179 13.8 16.9 245
FeO* 334 223 3.30 3.07 4.00 5.81 3.00
MnO 02 0.13 0.24 0.16 0.12 0.28 0.20
MgO 033 0.23 0.35 046 1.06 0.16 035
CaO 0.79 294 1.77 2.68 434 0.75 0.63
Na,O 10.09 5.68 5.64 4.09 2.87 5.90 7.79 11.30
K20 5.56 9.53 732 8.10 8.78 4.11 5.63 5.50
P,0s 0.07 0.04 0.02 0.04 0.17 0.06 0.07
Cl 035 0.55 0.59 0.55 0.16 0.08 0.21
F 0.09 04 0.34 0.19 0.37 0.10 0.17
LOI 045 3.10 2.50 1.40 2.60 0.57 0.20
[2] AT 1.2 091 0.92 0.86 0.79 1.03 1.12 1.0
[3JA/CNK 08 0.87 091 0.88 0.81 0.89 0.84 1.0

Major elements, Cl and F for MB have been determined by XRF. FeO* = total Fe as FeO; for Ves analysis Cl
and F determined by potenziometry; LOI = Loss On Ignition; [2] Agpaitic Index = [(Na,O+K>0)/Al,03] molar
ratio; [3] molar [(Al,O3/CaO+Na,O+K,0)] ratio (see for details Signorelli and Carroll, 2000, 2002); alkali ex-
change and partial crystallization in some experiments resulted in slightly different experimental melt composi-
tions, as documented in Signorelli and Carroll (2000, 2002).

Carroll (2000); all of the experiments involved
equilibration of silicate melt with (Na, K) Cl
solutions of variable initial chloride molality
and fluid compositions at the end of the exper-
iments was calculated by mass-balance. These
experiments may contain two types of fluid in-
clusions trapped in the quenched glass: type-I
inclusions contain both a vapor bubble and a
liquid phase, whereas type-II fluid inclusions
contain a vapor bubble, liquid and one or more
daughter minerals (salts). The minerals con-
tained in these inclusions are believed to be al-
kali chlorides, possibly with other chlorides
(e.g., CaCl, and FeCl). Only experiments from
below 200 MPa are found to contain both type-
I and type-II inclusions. Experiments above
200 MPa contain only type-II inclusions. The
experiments carried out between 50 and 150
MPa display the common behavior of a positive
linear correlation between Cl in glass and in the
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fluid phase, when Cl molality in the fluid phase
is below ~2m Cl, and then a flat distribution
where further increases in the total amount of
Cl in the system do not increase Cl in the glass
(fig. 2a). The experiments at 200 and 250 Mpa
show a parabolic increase in melt Cl content
with increasing Cl in the fluid (i.e., the rate of
increase in melt Cl content slows in experi-
ments with more Cl-rich fluids). Figure 2b
shows the isobaric trends for all of the data su-
perimposed on the same diagram (7'=850-
875°C). This comparison clearly shows that as
pressure increases there is a decrease in the
slope of the straight line (melt coexists with sin-
gle fluid of variable CI content; positive slope)
and a shift of the pivot point between the
straight line and the plateau (melt coexists with
both aqueous fluid and brine) towards more CI-
rich fluids until the sharp break of slope be-
tween them turns into a smooth passage be-
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Fig. 3. Chlorine solubility in phonolitic melts satu-
rated with aqueous fluid+brine versus pressure. Sol-
id circles and open squares represent MB (Montaiia
Blanca, Teneriffe) and Vesuvius phonolitic glasses
(x1o0 standard deviation), respectively (data from
Signorelli and Carroll, 2000).

tween 200 and 250 MPa. These results indicate
that the melt Cl content decreases as pressure
increases when the melt is saturated with both
an aqueous fluid phase and a brine phase, as
shown in fig. 3 for 2 phonolitic compositions
(Vesuvius 79 A.D. and Montaifia Blanca, Tener-
iffe; supercritical values taken from solubility
at 2 molal ClI in fluid). The lack of change in
melt CI contents for the MB phonolite at pres-
sures below 100 Ma is probably due to the fact
that this composition begins to crystallize at the
lowest pressures investigated and the changes
in melt composition result in decreased Cl sol-
ubilities, as predicted by the model of Webster
and De Vivo (2002) and discussed further be-
low. The CI contents of the brine and aqueous
fluid phases coexisting with these melts at any
pressure (below the top of the miscibility gap)
can be estimated from the H>O-NaCl binary
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Fig. 4. Chlorine solubility (+10 standard deviation) in trachytic (Signorelli and Carroll, 2002) and phonolitic
melts (Signorelli and Carroll, 2000) saturated with aqueous fluid+brine versus pressure. «This study» refers to
Signorelli and Carroll (2002). Original melt compositions are given in table I and «rev» refers to reversal exper-

iments.
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shown in fig. 1. As indicated in fig. 1, the brine
phase actually becomes more Cl-rich as pres-
sure decreases and this may explain why the
melt also becomes more Cl-rich as pressure de-
creases — if the Cl activity in the brine increas-
es as pressure decreases, then the Cl activity in
the coexisting melt also increases as pressure
decreases (see also thermodynamic-molar vol-
umes discussion in Signorelli and Carroll,
2002). The effect of KCI (and other chlorides)
on the field of immiscibility has not been con-
sidered due to lack of data but studies at lower
temperature (400-600°C) suggest that the addi-
tion of KCl tends to enlarge the field of immis-
cibility but does not change the general geome-
try of the binary (Anderko and Pitzer, 1993b).

Cl solubility in trachytic melts saturated with
both an aqueous fluid phase and a brine phase
shows variation with pressure very similar to that
observed for phonolitic melts, as shown for a va-
riety of trachytic melts in fig. 4 (data from Sig-
norelli and Carroll, 2002). The compositions of
the trachytic melts studied are reported in table I
and the variations in Cl solubility with melt com-
position are discussed below.

3. Melt composition and Cl solubility

Experimental studies involving hydrous
rhyolitic to phonolitic melts equilibrated with
an aqueous vapor and a hydrosaline liquid have
shown that the behavior of chlorine in the melt
is a strong function of the melt composition
and in general Cl solubilities are higher in
more Si-poor melts (e.g., Métrich and Ruther-
ford, 1992; Carroll and Webster, 1994 and ref-
erences therein; Webster et al., 1999; Signorel-
li and Carroll, 2001, 2002; Webster and De Vi-
vo, 2002). Métrich and Rutherford (1992)
found that the peraluminous-peralkaline char-
acter of a silicate melt, expressed as molar ra-
tio of Na,O+K>0/ALO3 (= Agpaitic Index, Al),
has a large effect on Cl solubility in hydrous
rhyolitic melts, as shown in fig. 5. A change of
melt composition from metaluminous rhyolite
to peralkaline pantellerite yields a more than 3-
fold increase in Cl solubility (fig. 5). On the
other hand, Signorelli and Carroll (2001),
working with a peraluminous rhyolitic compo-

sition, found that CI solubility is higher in per-
aluminous rhyolites than in metaluminous rhy-
olites and the increase of Cl solubility with
peraluminosity is possibly even more pro-
nounced than the changes observed with in-
creasing peralkalinity (e.g., at 100 MPa, brine +
+ aqueous fluid saturation, peraluminous rhyo-
lite with AI=0.8 has 0.64 wt% Cl). These re-
sults suggest a minimum (~3000 ppm) in CI
solubility in metaluminous rhyolites and high-
er Cl solubilities in both peralkaline and pera-
luminous compositions. CI solubility in hy-
drous phonolites also depends on peralkalinity
of the melt (Signorelli and Carroll, 2000) and
the results of Signorelli and Carroll (2002) for
a close-to-metaluminous phonolite (fig. 6) sug-
gest a possible minimum (~0.48 wt%) in Cl
solubility in metaluminous phonolites. The
higher CI solubility in metaluminous phonolite
with respect to metaluminous rhyolite is prob-
ably due to the lower silica activity of phono-
litic melts, as suggested by various previous
studies that document increasing Cl solubility
with decreasing silica activity (Kotlova et al.,
1960; Iwasaki and Katsura, 1967; Webster,
1997a,b; Webster and Rebbert, 1998; Webster
et al., 1999; Webster and De Vivo, 2002); note
that decreasing silica activity is also correlated
with increasing activities of network-modify-
ing cations, as discussed further below. In fig.
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Fig. 5. Solubility of chlorine at 100 MPa as a func-
tion of molar (Na+K)/Al ratio for natural rhyolites
and phonolites saturated with an aqueous fluid + hy-
drosaline brine (data from Metrich and Rutherford,
1992; and Signorelli and Carroll, 2000).
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6 the results of Signorelli and Carroll (2002)
for trachytic compositions with variable alka-
li/alumina are also shown. The most evident
difference between the trachytic and phonolitic
melts is that the trachytes don’t show any min-
imum and CI solubility is constant at approxi-
mately 0.67 wt% over the range of agpaitic in-
dex investigated (0.9-1.08). Apparently, the
peraluminous-peralkaline character of the tra-
chytic melt has little influence on ClI solubility,
in contrast to the significant variations seen in
phonolitic and rhyolitic compositions.

A possible explanation of the lack of varia-
tion in Cl solubility with peralkalinity comes
from the recent study of Webster and De Vivo
(2002) concerning the effects of melt composi-
tion on Cl solubility in a wide range of silicate
melt compositions (41 different compositions,
all at 200 MPa, 786-1193°C). Webster and De
Vivo (2002) modelled the effects of melt com-
position on brine-saturated melts containing up
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to 3.2 wt% H»O using the idea of association
coefficients that express the effect of the molar
abundance of each melt component (cations +
F~) on ClI solubility (positive association coeffi-
cients indicate a component increases CI solu-
bility, negative values indicate components that
reduce Cl solubility). They found that the affin-
ity of individual cations for Cl decrease in the
order Mg~Ca>Fe>Na>K>network-forming
Al>Li~Rb~Cs; F has a positive effect on Cl
solubility. However, the relation between com-
position and solubility is more complex in per-
alkaline and peraluminous melts (because of
possible variations in the structural role of Al),
and the effects of Ca, Mg and Al are greater in
mafic melts than in more silica-rich melts. De-
tails of this model are explained in Webster and
De Vivo (2002) and the good agreement be-
tween their model predictions and measured Cl1
solubilities at 200 MPa for a wide range of melt
compositions is shown in fig. 7. The fact that
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Fig. 7. Correlation between measured Cl solubili-
ties and those predicted by the model of Webster and
De Vivo (2002). All melts are saturated with a Cl-
rich brine at 200 MPa pressure and temperatures of
786-1193°C. Filled symbols show experiments used
to generate the model association coefficients and
open symbols show melt compositions for which the
ClI solubility was calculated using the model associ-
ation coefficients. Typical 1-o analytical precision
for measured Cl contents are on the order of 0.05 to
0.1 wt%.

Mg, Ca and Fe have significantly greater effects
on Cl solubilities than do K and Na may help
explain why the Cl solubilities in trachytes
studied by Signorelli and Carroll (2002) appear
to be independent of alkali/alumina ratio. Fol-
lowing the results of Webster and De Vivo
(2002), the higher abundances of Mg, Ca and
Fe in the trachytes overwhelm the effects of
varying alkali/alumina, thus there is no signifi-
cant variation in Cl solubility; such effects
might be more apparent in more extremely per-
alkaline or peraluminous trachytes. Extrapola-
tion of the results of Webster and De Vivo
(2002) to other pressures, and consideration of
the effects of melt H,O content on CI solubility
still need to be investigated. The use of associ-
ation coefficients to quantify how melt compo-
sition variations affect Cl solubilities appears
promising, but the approach is not completely
general because numerous additional correc-
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tions are needed depending on the types of
melts considered (e.g., peralkaline, peralumi-
nous — see Appendix in Webster and De Vivo,
2002).

4. Volcanological implications

All studies of Cl solubility in hydrous rhyo-
lites, phonolites and trachytes in the presence of
subcritical (Na, K) CI-H,O fluids have shown
that Cl solubility decreases regularly as the
pressures rises. The higher CI solubility in
phonolites and trachytes with respect to rhyo-
lites, however, suggests that evolved alkaline
magmas can transport larger amounts of chlo-
rine to the earth’s surface. This reservoir of
chlorine may be potentially emitted to the at-
mosphere if significant Cl is lost during cool-
ing, crystallization and degassing of volcanic
products.

The composition of high-temperature gases
released from volcanoes depends on factors
such as gas solubility in the silicate melt and va-
por/melt partitioning and separation during the
generation and rise of magmas. Giggenbach
(1996) has proposed a model for equilibrium de-
gassing (i.e., closed-system degassing) that
takes into account these factors. However, this
model requires that volatile solubilities ap-
proach Henry’s Law behavior and that the solu-
bilities decrease with decreasing pressure (as
observed for H,O, CO,, noble gases). The nega-
tive correlation of melt Cl concentration with
pressure means that Cl solubility behavior in
brine-saturated magmas cannot be treated as
simply as other volatile species, at least when
high melt CI contents suggest brine saturation.
The solubility of Cl may also be complicated by
the formation of non-volatile alkali chlorides
and HCI® at low pressure. Alternatively, various
authors have convincingly demonstrated that
the potential distribution of Cl in magmatic flu-
ids depends on the shape of the immiscibility
solvus of NaCl-H,O system (or a similar «salt»-
-H>O system) at low pressures and magmatic
temperatures (e.g., Hedenquist and Lowenstern,
1994; Shinohara, 1994; Hedenquist, 1995). Dur-
ing decompression and/or crystallisation of a
magma at low (<200 MPa) pressures it may be-
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come saturated with both a low-density vapor
and a high-density brine (first and/or second
boiling; see Webster and De Vivo, 2002). As de-
scribed by Hedenquist and Lowenstern (1994),
the low density phase will contain components
such as H,O, CO,, SO, H>S, HCI and the high-
er density brine phase will contain alkali salts,
metals, water and sulphates. The shape of solvus
in the NaCl-H,O binary (fig. 1) predicts that up-
on further isothermal decompression, the vapor
and the brine will progressively become less and
more saline, respectively.

Once information on CI solubility in silicate
melts is available, indirect evidence for immis-
cibility between silicate melts and H,O-NaCl
fluids is provided by the study of Cl concentra-
tions in glass inclusions present in magmatic
phenocrysts. These inclusions are small samples
of silicate melt trapped during crystal growth
and they represent the most accessible samples
of non-degassed magma (e.g., Roedder, 1984;
Lowenstern, 1995, and references therein; Sig-
norelli et al.,2001; Webster and De Vivo, 2002).
Alternatively, matrix glasses from rapidly erupt-
ed and cooled pumices (e.g., from Plinian erup-
tions) may provide useful information on some
volatiles (e.g., Gardner et al., 1998; Signorelli
and Capaccioni, 1999; Signorelli et al., 2001).
For example, data collected from the literature
on Cl contents of phonolitic glass inclusions and
matrix glasses are presented in fig. 8. The con-
tent of Cl in these evolved alkaline melts is quite
variable, ranging from 0.18 to 1.03 wt%. The
highest abundance of CI occur in volcanic prod-
ucts from Vesuvius (1.03 wt%), whereas the
lowest pertain to Laacher See (0.18 wt%), Mon-
tana Blanca (~0.35 wt%) and Tambora (~0.2
wt%). Provided that the magma was fluid satu-
rated and the magmatic reservoir was located at
pressures below about 200 MPa, the similarity
of natural and experimental data for Vesuvius
suggests that most Vesuvian phonolitic melts
were saturated with respect to a hydrosaline liq-
uid (brine). If these assumptions are also valid
for Laacher See, Montafia Blanca and Tambora,
the comparison between natural and experimen-
tal data suggests that these systems could not
have been saturated with a hydrosaline brine
prior to eruption. The comparison of Cl in glass
inclusions and degassed matrix glasses, when
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Fig. 8. Histogram of chlorine content of glass in-
clusions and matrix glasses from phonolites. The da-
ta are from the following volcanic systems: Vesuvius
(Cornell and Sigurdsson, 1987; Mues-Schumacher,
1994 and unpubl.; Cioni et al., 1995, 1998; Signorel-
li and Capaccioni, 1999; Signorelli et al., 1999),
Tambora (Devine et al., 1984), Montana Blanca
(Signorelli, unpubl.) and Laacher See (Harms and
Schmincke, 2000).

possible, suggests that Cl may be retained in the
silicate melts during the Plinian phase of phono-
litic eruptions (Cl degassing is slow on the erup-
tion timescale). This is not the case of the
Laacher See and Tambora eruption where chlo-
rine has apparently shown a volatile behavior,
with Cl content in matrix glasses lower than in
glass inclusions (Devine et al., 1984; Harms and
Schmincke, 2000). There is a sharp gap between
the field observation and the laboratory experi-
ment concerning the behavior of chlorine during
syn-eruptive decompression. Recently, Gardner
et al. (1998) have shown that at fast decompres-
sion rates, Cl cannot diffuse out efficiently, al-
though water can. On the contrary, when the
erupted material cools more slowly Cl is lost,
presumably as a result of groundmass crystal-
lization.

The observed variations in CI solubility with
pressure for brine-saturated melts may be used to
estimate pre-eruptive pressures of the most
evolved magmas produced during the Campan-
ian Ignimbrite (CI) eruption (Signorelli et al.,
2001), assuming that the system was saturated
with both brine and aqueous fluid. As shown in
fig. 9, experiments at 25 to 200 MPa using an
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Fig. 9. Chlorine solubility in trachytic melts saturated with aqueous fluid+brine versus pressure (MPa). Solid
and open circles represent original and water-free values (+10 standard deviation), respectively. Shaded areas
represent the Cl distribution in matrix glasses (most-evolved trachytic magma) and glass inclusions (least-
evolved trachytic magma). The arrows indicate the inferred depth of the CI magma chamber (from Signorelli

et al.,2001).

evolved trachyte from the CI eruption show that
the high Cl contents of these magmas correspond
to minimum pre-eruptive pressures of 50-100
MPa, or depths of only 2-4 km, if the magmas
were saturated with both an aqueous fluid phase
and a brine prior to eruption, and neglecting pos-
sible effects of other components such as CO,
(Signorelli et al., 2001). In fact, the high Cl con-
tents of these magmas can only be explained if
the magmas were brine-saturated prior to erup-
tion. Higher pressures could be possible if the
magmas coexisted with only a brine and not an
aqueous fluid phase but preliminary data on wa-
ter fugacities calculated from the compositions
of coexisting biotite-magnetite-sanidine present
in the CI rocks also suggest water fugacities of
70-130 MPa, consistent with a relatively shal-
low, vapor-saturated system (Fabbrizio and Car-
roll, unpubl.).

5. Conclusions

Experimental data concerning chlorine solu-
bility in phonolitic to trachytic melts and va-
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por/melt and hydrosaline brine/melt partitioning
of Cl under magmatic conditions provide in-
sights concerning the geochemical behavior of
Cl in evolved alkaline melts. The results sum-
marized in this study are directly applicable to
volcano monitoring by allowing better interpre-
tation of the origins of variations in measured
halogen emissions from alkaline magmatic sys-
tems. In more general terms, the experimental
data on ClI solubility as a function of magma
composition and pressure will provide better
constraints on the volcanic degassing of Cl and
help in the identification of eruptive products
preserved in the geologic record which may
have been associated with large Cl emissions.
This will aid studies seeking to correlate the
record of climatic variability with the record of
volcanic eruptions and will allow better estima-
tion of past volcanic input to the atmosphere.
At pressures and temperatures outside the va-
por-brine immiscibility field of the NaCl-H,O
system, the concentration of Cl in alkaline melts
depends on the activity of CI in the fluid phase.
Under conditions within the vapor-brine immis-
cibility field, the concentration of Cl in melt is
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constant and is buffered by the coexistence of
aqueous vapor and hydrosaline brine. CI parti-
tioning between hydrosaline liquid and melt and
ClI solubility exhibit a strong negative depend-
ence on the pressure, whereas Cl partitioning be-
tween aqueous vapor and melt shows a positive
correlation with pressure. These features may be
attributed to the shape of the immiscibility field
of the NaCl-H,O system. When compared with
experimental results on rhyolites, the solubility of
ClI in phonolites and trachytes is approximately
twice as high under similar conditions. These re-
sults demonstrate that Cl solubility in hydrous
evolved melts is a strong function of melt compo-
sition and higher solubilities can be expected in
alkali-rich, low silica activity compositions. The
strong dependence of Cl solubility on pressure in
magmas saturated with aqueous fluid+brine
means that melt Cl contents might be useful for
estimating minimum pre-eruptive pressures, as il-
lustrated for the most evolved (and presumably
highest-level) compositions observed in the
Campanian Ignimbrite eruption. Additional work
is still needed to address the effects of melt com-
position on Cl solubility over a range of pressures
and temperatures and to quantify the effects of
other volatile components (e.g., F, CO) on Cl
solubility. The release of Cl during explosive
eruptions may also be influenced by degassing
kinetics and this represents another area where
more experimental data are needed if we wish to
model CI release in active volcanic systems.
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