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Abstract

The halogens (F, CI, Br, 1) form an important suite of tracers of igneous
processes, and may be used to track magmas from their point of origin, through their
differentiation, evolution, saturation in vapour and escape to the Earth’s atmosphere
and hydrosphere. This review summarises the current state of the field, starting with
an analysis of what is, and what is not, known about the distribution of halogens in
Earth’s interior reservoirs, and the principal controls on their behaviour during partial
melting, crystallisation and degassing. With recent advances in measurement
techniques, there is now a new opportunity to improve the inventories of halogen
emissions from the open-vent, continuously-degassing systems that dominate the
background contribution of volcanoes to the atmosphere. The different approaches to
estimating the fluxes of HCI and HF to the atmosphere from arc and global volcanism
are converging, and can now be used to place important constraints on the global
cycling of halogens through subduction-zone systems. Arc-related volcanic emissions
of halogens dominates the global halogen degassing budgets. Our current best
estimates of halogen degassing fluxes from arc volcanoes are 4.3 (1) Tg/a (HCI), 0.5

(x0.2) Tg/a (HF), 5 - 15 Gg/a (HBr) and 0.5 — 2 Gg/a (HI).
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1. Introduction

The halogen elements are a suite of reactive elements that comprise Group VII of
the periodic table (Table 1). The halogens are rarely found in nature in their free
elemental states, and are more usually combined as halide ions (X-) in salts, solutions
and gases. Compounds of fluorine and chlorine are relatively abundant in crustal
rocks (at mean concentrations of ca. 550 ppm and 240 ppm, respectively; Table 2);
while those of bromine and iodine are much less abundant (< 1 ppm in the crust). The
fifth, and heaviest, halogen element is astatine (At), one of the least abundant
naturally-occurring elements in nature which exists only transiently within the decay
chains of the “*U and *®U decay series. Many halogen-bearing compounds are
volatile (e.g. the halogen halides, HX, and halocarbons), while others are soluble in
aqueous fluids. As a consequence, the halogens are distributed between the various
terrestrial geochemical reservoirs at the present day (Table 2), with distribution
patterns that have been influenced by transport between these reservoirs over
geological time.

Volcanic activity and associated processes play a key role in chemical exchanges
between different Earth system reservoirs. The role of volcanism in mediating
halogen fluxes between these reservoirs is important for reasons associated both with
the effects of the halogens themselves, as well as their role in the transport of other
elements (e.g. in ore-forming processes, e.g., Williams-Jones and Heinrich, 2005).
After water, carbon dioxide and sulphur species, hydrogen chloride is often the most
abundant species in high-temperature volcanic emissions (Symonds et al., 1994).
Volcanic HCI emissions have been shown to have detrimental effects on local soils
and ecosystems (Delmelle et al., 2001; 2003), play a key role in terms of trace metal

transport from the magma to the atmosphere (Symonds et al., 1992), contain useful
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information about subsurface processes in terms of volcanic hazard assessment
(Edmonds et al., 2001; Allard et al., 2005) and have recently been implicated in
stratospheric ozone losses following an Icelandic eruption (Hekla, 2001; Millard et
al., 2006; Rose et al., 2006). Volcanic HF emissions accompanying major ash-
forming eruptions are also implicated in the environmental impacts which may
accompany volcanic eruptions: HF is now considered to be an important reagent in
volcanic plumes, in particular due to its involvement in the reaction and dissolution of
volcanic glass (Woelff-Boenisch et al., 2004; Delmelle et al., 2007), while the
deposition of water-soluble halides to agricultural land is considered a major factor in
fluorosis in grazing animals affected by eruptions (Cronin et al., 2003). With the
recent discovery of bromine monoxide in volcanic plumes (Bobrowski et al., 2003),
and improved techniques for the analysis of direct samples of volcanic plumes
allowing detection of HBr and HI (Aiuppa et al., 2005), the fluxes and atmospheric
consequences of the less abundant halogens bromine and iodine are just beginning to
be understood.

While there have been several attempts at quantifying and understanding volcanic
halogen emissions to the atmosphere in recent decades (e.g. Symonds et al., 1988;
Halmer et al., 2002; Wallace, 2005; Fischer, 2008), many uncertainties remain both in
terms of quantifying rates of volcanic emission to the atmosphere, as well as in terms
of understanding the global geochemical cycles of the halogens (e.g. their origin in
magmatic systems), and their fate, once released to the environment. In this paper we
critically, but briefly, review the state of current knowledge concerning the
distribution of halogens in volcanic rocks, and the volcanic degassing fluxes of
halogens to the atmosphere and oceans. In the remainder of the paper, when we refer

to the ‘halogens’ generally, the reader should be aware that in fact there is a great deal
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of disparity in terms of what is known about the different halogen elements
themselves. So while the behaviour of chlorine in volcanic systems is well
characterised and that of fluorine is moderately well characterised, there are far fewer

constraints on the behaviour of bromine and iodine.

2. Halogens in terrestrial reservoirs and the behaviour of halogens during partial
melting.

2.1 Halogens in terrestrial reservoirs

Little progress has been made in quantifying the distributions and concentrations
of halogens in the Earth’s major geochemical reservoirs since the formative work in
the late 1970’s to early 1990’s (Unni and Schilling, 1978; Schilling et al., 1978; 1980;
Ito et al., 1983; Deruelle et al., 1992; Wedepohl 1995; Jambon et al., 1995). In part,
this reflects the challenges of analysing species (such as Br, I) which are only present
in very low concentrations (ppb) in the Earth’s mantle. In addition, it reflects the
difficulty of constraining whole-earth budgets of volatile species with low nebular
condensation temperatures (700 — 900 K; Wasson, 1985): not only are the Earth’s
starting conditions in terms of halogen content not well known; the degassing history
of halogens is also not well constrained. There is the prospect of improving on this in
the future, for example from noble gas models (e.g. Pepin and Porcelli 2006) which
may, at least, place constraints on outgassing histories of iodine (***Xe is a stable
daughter of the short-lived '#°).

Current estimates of the halogen contents of primitive and MORB-source mantle,
crust and other terrestrial reservoirs are summarised in Table 2, along with estimates
of other selected elements. There are considerable uncertainties in many of these

estimates which partly reflect the poor quantitative control on the global budgets of
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the halogen species (in particular, Br, 1), and partly reflects the complexities of
assessing the halogen contents of some reservoirs (for example, those species
concentrated into minerals and fluids within inaccessible parts of the continental
crust; e.g. Cl). In addition, some of the variance between estimates of, for example,
halogen contents of the depleted MORB-source mantle, reflects the sensitivity of
these estimates to different assumptions about how chemically-enriched or depleted
the asthenospheric mantle might be, and to assumptions about the extent of partial
melting in the source region. Despite the uncertainties, the most notable features
about which there is general agreement are that, as expected, the halogens are strongly
concentrated in Earth’s differentiated crust, sediments and hydrosphere. In terms of
the Earth’s outer reservoirs (crust, oceans and atmosphere and MORB-source mantle),
the greater proportion of both Cl and Br reside in the oceans (ca. 73% and 51%
respectively, Kramers, 2003); the budget of | is dominated by iodine associated with
organic sediments in the bulk continental crust (ca. 60%), with < 1% dissolved in the
oceans, while the budget of F is dominated by the MORB-source mantle.

2.2 Partitioning behaviour of the halogens during partial melting

The gross distributions of the halogens between mantle and crustal reservoirs
reflect, as a primary control, the incompatibilities of the halogens during partial
melting and differentiation. While there are no direct experimental measurements of
the partitioning behaviour of halogen species between melt and crystals relevant to
mantle melting, the large ionic radii of CI, Br" and I' (Table 1) mean that they are
expected to be highly incompatible during partial melting of peridotite (Schilling et
al., 1980; Deruelle et al., 1992). Fluoride, on the other hand, is a much smaller ion,

capable of substituting for OH" into the major rock-forming minerals, whether
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hydrous or nominally-anhydrous. Consequently F" is expected only to be moderately
incompatible during partial melting.

In the absence of experimental constraints on partitioning behaviour, the
systematics of halogens in suites of natural, undegassed glasses may be used to infer
their incompatibility during partial melting and fractional crystallisation. From
correlations observed between halogens (ClI, Br and F) and other conservative and
incompatible trace elements, Schilling et al., (1980) argued that the ratios CI/K and
F/P (and F/Sr, F/Nd) appeared to be more or less invariant in basaltic rocks,
suggesting that Cl and K and F, P and Nd are equally incompatible during partial
melting and fractional crystallisation. Subsequent work has broadly substantiated
Schilling’s suggestion, with current estimates of depleted mantle CI/K ~ 0.007-0.01
and F/P ~ 0.3 £ 0.1 (e.g. Saal et al., 2002; Salters and Stracke, 2004). During hydrous
melting and crystallisation, the bulk mineral-melt partition coefficient for ClI appears
to be slightly lower than those of Nb and K (Sun et al., 2007), matching observations
of the similar behaviour of Cl and Nb in MORB (e.g. le Roux et al., 2006). In the case
of F, undegassed submarine glasses from normal MORB, Samoa (an ocean island)
and the Siquieros transform all have F/Nd ~ 21, suggesting that F and Nd have
identical bulk partition coefficients during partial melting of peridotite (Saal et al.,
2002; Workman et al., 2006). In terms of the other magmatic volatile species, the
same approach has led to the widely adopted notions that CO,/Nb, S/Dy and H,0O/Ce
ratios are essentially invariant during partial melting of vapour-undersaturated
peridotite (e.g. Michael, 1995; Saal et al., 2002; Salters and Stracke, 2004; Cartigny et
al., 2008).

Evidence relating to the relative incompatibilities of Br and | are rather weaker,

principally due to a lack of data. Schilling et al. (1980) argued that Br is likely to be



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

highly incompatible, with a bulk partition coefficient close to those of Ba and Rb
during partial melting of peridotite; and | is likely to be more incompatible still
(Deruelle et al., 1992). These broad-brush statements are borne out by the patterns of
relative enrichments of the halogens into bulk continental crust, compared to
estimates of primitive mantle (Figure 1). By using the conventional ordering of
elements with increasing incompatibility, and hence increasing enrichment in the bulk
crust, towards the left (e.g. Hofmann, 1988), the deviations from the general trend for
Br and Cl are immediately apparent. Neither Br nor Cl are as enriched as expected in
the crust, since they are instead concentrated in the oceans.

2.3 Behaviour of halogens in subduction zones

As expected, the differing concentration of halogen species in different surface
reservoirs leads to contrasting behaviour in subduction-related magmas: fluids in
subduction zones should play a major role in recycling Br and ClI into the mantle,
while organic-rich sediments should play the same role for I. The role of ocean crust
recycling is, however, very poorly constrained: for example, while Matsumoto and
Wedepohl (1998) argue that the ocean crust is an important repository for I, Deruelle
et al. (1992) argued that the influence of the subducted oceanic crust on subduction-
related magmas was not detectable. A compilation of Cl and F data from suites of
mafic glasses and phenocryst-hosted melt inclusions from different tectonic settings
(Figures 2a-c) shows a strong increase in CI/K in subduction-related settings, over
Hawaii, Iceland and MORB in turn, consistent with addition of a Cl-rich component
in subduction zones (e.g. Ito et al., 1983), and with a contribution from recycled
lithosphere to some ocean-island basalts (e.g. Simons et al., 2002; Stroncik and
Haase, 2004). In contrast, F/P lies broadly in the same range in each of these settings,

although showing a considerably increased variance in arcs. The variability of F/P in
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melt inclusions in mafic arc-related magmas (Fig. 2c) most likely reflects subduction-
related (slab fluid?) controls on fluorine contents. For example, there are substantial
variations in F/P of these melt inclusions both regionally within the same arc system
(e.g. Central America), and between arcs (Fig. 2c), which most likely reflect variation
in the composition of the slab component.

The contrasting source characteristics of F and Cl in different tectonic settings is
brought out in Figure 3, which shows the systematics of mafic glass and phenocryst-
hosted melt inclusions for several suites of magmas. Confirming the general pattern
found by Schilling et al., 1980, F/CI ratios are highest in (undegassed) samples of
MORSB (e.g. Siqueiros transform; F/CI > 10), are lower in ocean island source regions
(e.g. Azores, Schilling et al., 1980; Iceland and Hawaii, Fig. 4), and lower still in arc-
related magmas (e.g. Izu, Kamchatka, F/CI < 1). This general pattern predominantly
reflects the addition of a Cl-rich component in subduction zones. Aside from this
general pattern, the most striking feature of Figure 4 is the considerable range of F/CI
in Hawaiian glasses and melt inclusions. Mass ratios of F/CI in matrix glasses from
subaerial samples range from ~ 0.7 - > 7, while some melt inclusions and a portion of
matrix glasses from subaqueously-emplaced samples range to very low F/Cl (<0.2).
The variability might reflect contamination of some submarine samples with sea-
water (rich in Cl), or sea-water-derived fluids in the crust (Davis et al., 2003); it may
also reflect preferential loss of Cl during degassing of shallow-submarine and
subaerial samples.

Anomalous and selective enrichments in Cl are now widely recognised in both
back-arc, ocean-ridge and ocean-island settings (e.g. Michael and Schilling, 1989),
and are most readily ascribed to the contamination of magmas in a range of settings

by a seawater component. In submarine ocean-island and ocean-ridge settings, the CI-
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enrichments might plausibly reflect interactions with deep saline brines within the
oceanic crust, perhaps immediately above the axial magma chamber (le Roux et al.,
2006).

In subduction zones, the Cl-rich component is most plausibly associated with
the slab fluid (as shown quantitatively, for example, in the Marianas, Stolper and
Newman, 1994; the Lau Basin, Kent et al., 2002; the Austral islands, Lassiter et al.,
2002; and Kamchatka, Portnyagin et al., 2007), such as that produced by partial
melting of hydrothermally-altered crustal components (e.g. serpentinite, Wysoczanski
et al., 2006). Serpentinites are considerably enriched in chlorine with respect to
unaltered peridotite, and thus must act as a major sink for seawater Cl during sea-floor
alteration. Chlorine bound in serpentines is then readily available for release into the
mantle wedge during subduction metamorphism (e.g. Philippot et al., 1998;
Scambelluri et al., 2004). The processes and controls on Cl-uptake by the alteration
products of different primary minerals (i.e. olivine and orthopyroxene) remain poorly
understood (e.g. Barnes and Sharp, 2006; Bonifacie et al., 2008a). In principle,
however, there is the prospect that the subduction cycle and mantle-derived fluxes of
Cl might be tracked through chlorine-isotopic studies of rocks and fluids. At the
moment, however, the chlorine-isotopic composition of ‘pristine’ depleted mantle and
uncontaminated MORB remains unresolved (e.g. Magenheim et al., 1995; Sharp et

al., 2007; Bonifacie et al., 2008a, b).

3. Global volcanic degassing fluxes of halogens.
3.1 Fluxes of halogens to the atmosphere due to volcanic activity
Halogens released to the atmosphere by volcanoes are thought predominantly to be

degassed as halogen halides (Symonds et al., 1994), and the few available
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measurements of other trace halogen species (e.g. volcanic halocarbons, and halogen
oxides) support this hypothesis (e.g. Schwandner et al., 2004; Frische et al., 2006;
Bobrowski et al., 2007). Ultimately, halogen species may come from a number of
sources (see section 2), both deep (associated with melt generation, evolution and
exsolution of vapour and/or hydrosaline fluids prior to eruption), and shallow sources
local to the volcano (e.g. revolatilisation of seawater, or other crustal fluids; thermal
decomposition of hydrothermal deposits within the volcanic edifice). Understanding
the balance between these different sources for halogen species is challenging, and
remains a goal of continuing work. A number of different approaches have been
employed with the goal of constraining the sources of halogens in magmatic systems,
including isotopic studies of volcanic fluids (e.g. *?°1, Synder and Fehn, 2002), mass
balance arguments based on analyses of submarine glasses and crystal-hosted melt
inclusions (e.g. Straub and Layne, 2003) and through the interpretation of the ratios
between gaseous halogen species measured in open-vent volcanic gases (Witt et al.,
2008).

The two most commonly employed approaches for estimating the fluxes of
halogens to the atmosphere are: (i) petrological methods (namely melt inclusion
studies) on erupted products and (ii) measurement of halogen to SO, flux ratios
combined with SO, flux measurements at active or degassing volcanoes. Both
methods have their advantages and disadvantages.

The petrological approach, developed by Devine et al., (1984) and most recently
reviewed by Wallace (2005), uses the dissolved volatile content recorded in crystal-
hosted melt inclusions (Mls) in comparison with that of glass in the final degassed
erupted lava and scales up to the flux using the mass of lava erupted. This is the only

method routinely available for estimating the volatile emissions from past eruptions.
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Although halogen species tend to be much more soluble than CO;, or S species
(increasing the likelihood that trapped melt inclusions may record the halogen content
of the parental magma, unmodified by degassing), not all volcanoes produce ejecta
containing crystal-hosted melt inclusions suitable for such analysis. A weakness of
the petrological method is that, without experimental constraints, it is not usually
possible to account for volatiles held in a coexisting pre-eruptive vapour (or
hydrosaline fluid) phase (e.g. Scaillet et al., 2003; Webster, 2004). Additional
uncertainties also arise from estimates of the quantity of magma erupted, and, in terms
of estimating fluxes to the atmosphere, from losses of halogen species which are
emitted from the magma but which do not necessarily end up in the atmosphere (e.g.
scrubbing into hydrothermal systems, Symonds et al., 2001). Scaling up to global
fluxes using this methodology is possible, as Wallace (2005) showed, and useful at
least to establish the extent to which degassing fluxes of halogens can be supplied
from erupted magma fluxes.

The second method, which relies on measurements of volcanic emissions
originating from high-temperature sources, has been widely applied to the relatively
small number of accessible volcanoes and volcanic vents. This technique relies on
measuring a ratio of halogen species to sulphur in the plume (e.g. with Giggenbach
flasks (Taran et al., 1995), filter packs (F', CI', Br" and I': Zreda-Gostynska et al.,
1997; Allen et al., 2000; Mather et al., 2003, Witt et al., 2008), by infra-red remote
sensing techniques (HF, HCI: Mori et al., 1993; Francis et al., 1995), or with
electrochemical sensors (HCI: Aiuppa et al., 2005; Shinohara, 2005)), and then
scaling this ratio by the measured SO, fluxes determined by UV spectroscopy from
the ground (e.g. COSPEC or miniDOAS; Stoiber and Jepsen, 1973; McGonigle et al.,

2002; Galle et al., 2003), or satellites (e.g. TOMS, OMI; Carn et al., 2003). This
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method has the advantage of being a direct proxy for the atmospheric input at a given
time, but since both halogen to SO, ratios and SO, fluxes can vary quite dramatically
at one volcano during different phases of activity (best shown, for example, at
Soufriere Hills VVolcano, Montserrat; Edmonds et al., 2001, 2002) there are challenges
associated with converting measurements at a given point in time to a time-averaged
flux even at an individual system. This problem is exacerbated when trying to scale
up to a global degassing flux, and is further complicated by contrasts in ratios of gas
species during different styles of degassing.

The best example of this problem can be seen in a comparison of recent halogen
emissions fluxes (compared in Table 3). Much of the variation between estimates of
global halogen fluxes arise simply from the fact that the majority of halogen to SO,
ratios have been measured at individual fumaroles, and these systems are inherently
highly variable. Measurements on high-temperature fumaroles are logistically
relatively straightforward, but while in some arcs (e.g. Kamchatka), high-temperature
fumaroles are essentially the only sample of high-temperature emissions from
volcanoes (see Taran, 2008), in other arcs, much of the sustained gas flux may come
from volcanoes which lack fumaroles (e.g. Nicaragua/Central America). With care, it
is possible to exclude air- and groundwater-contamination from such analyses,
leading to the widely held assumption that the resultant fluid-chemical ratios represent
the composition of the volatile phase escaping from the degassing magma (e.g. Taran
et al., 1995; Hilton et al., 2002). It has also been established that the ratios of halogen
species (e.g. CI/Br, CI/l) in high-temperature condensates spans the same range as
measured in high-temperature volcanic plumes (e.g. Taran et al., 1995; Snyder et al.,
2003; Aiuppa et al., 2005). But in general, the inevitable challenge of fumarole

measurements is that it is not possible to be certain that during the passage from the
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magma body to the surface there has been no chemical modification of the fluid: in
many situations chemical modification is unavoidable (e.g. Symonds et al., 2001), and
modelling is needed to understand the link between gas emission and the magmatic
source (e.g. Villemant et al., 2005). In contrast, at open-vent volcanoes (e.g. above
lava lakes, such as at Masaya), while there is evidence for chemical processing of
volcanic gases as they mix with air, this has no significant impact on, near-source
halogen (HF, HCI, HBr) to sulphur ratios (Horrocks et al., 2003; Martin et al., 2006;
Aiuppa et al., 2007; Bobrowski et al., 2007).

A second challenge is that fumarole measurements are essentially point-source
measurements, which leads to the question of how should one average data from
multiple fumaroles at the same volcano in order to estimate a realistic mean fluid
composition?

The alternative approach to point-source sampling of fumaroles is to use remote-
sensing measurements (principally FTIR, for HCI and HF; or mini-DOAS for BrO),
actively-pumped gas filters (for F, Cl, Br and 1), or real-time electrochemical sensor
methods (thus far only for HCI) to measure gas-chemical ratios in the gas and aerosol
plumes of open-vent degassing volcanoes. These techniques have been widely applied
over the past decade, leading to new measurements of the ratios between halogen
halide gases and sulphur dioxide at many previously un-sampled volcanoes, and more
importantly, measurements at the volcanoes which actually dominate the global
volcanic SO, emissions flux. Published measurements from these techniques are
summarised in Table 4. These new sampling and measurement approaches have
provided a uniquely detailed picture of both the uniformity of gas plume compositions
at some long-degassing volcanoes (e.g. above the lava lakes of Erebus, Antarctica and

Masaya, Nicaragua), and of the dynamical processes associated with degassing which
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lead to radical, and rapid, changes in gas-chemical compositions (e.g. at Etna and
Stromboli; Aiuppa et al., 2004; Allard et al., 2005; Burton et al., 2007). Such
measurements have led to new insights into both the relationships between magma
and gas composition, and the degassing process. As Aiuppa and others have shown
elsewhere (e.g. Aiuppa et al., 2007, Aiuppa, this volume), high-time resolution
measurements of gas-phase species, coupled with experimentally-calibrated
thermodynamic models of the partitioning of volatile species between the magmatic
vapour and melt, and measurements of pre-eruptive volatiles dissolved in melt
inclusions, hold great promise for improving understanding of the link between gas-
chemical composition and the mechanisms of the degassing process. For example, the
extent to which exsolution is an open- or closed-system process; and the extent to
which gas segregated at depth subsequently interacts with shallow magmas prior to
escape (e.g. Spilliaert et al., 2006a,b; Burton et al., 2007). While the melt-vapour
partitioning behaviour, and transport properties, of chloride and fluoride are now
fairly well known for a range of melt compositions (e.g. Métrich and Rutherford,
1992; Webster, 1997; Webster et al., 1999; Signorelli and Carroll, 2000, 2001; Alletti
et al., 2007), the same is not yet true for Br and I, where there are only sparse
constraints (Bureau et al., 2000; Bureau and Métrich, 2003; Musselwhite and Drake,
2003).

Figure 4 shows the comparison between compositions (HCI/SO, and HF/SO,
ratios) of high-temperature fumaroles at arc volcanoes (compiled in Fischer, 2008)
and vent gas measurements from arc and other volcanoes (compiled in Table 4).
While there is a measure of agreement between high-temperature vent gas and
fumarole compositions in arcs, the range of fumarole compositions is considerably

greater than that of the plume gases, extending both to much lower and higher
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halogen/sulphur ratios. This compositional variation (with more than 2 orders of
magnitude variation in both HF/SO, and HCI/SO,) is the principal reason why
previous estimates of global degassing budgets of halogens (e.g. those of Symonds et
al., 1988, and Halmer et al., 2002; Table 3) have such a large uncertainties. Two other
important features are apparent from Figure 4: firstly, although the data are rather
sparse, it is apparent that the gases from Kilauea and Nyiragongo are distinct from
those from arc settings due to their lower halogen:sulphur ratios, and their higher
HF/HCI ratios. Secondly, the strongly halogen-rich gas from the Erebus lava lake,
with mass ratios HF/SO, > 0.2, are clearly distinct from those measured from most
other settings, presumably due to the strong control of magma composition (Erebus
magma is phonolitic) on halogen and sulphur saturation and solubility (c.f. Cioni,
2000; Bureau and Métrich, 2003; Balcone-Boissard et al., 2008).

Although the global coverage of gas chemical data from degassing volcanoes
compiled in Table 4 is still somewhat sparse, the samples account for emissions from
volcanoes responsible for ~ 5 Tg/a of the annual passive-degassing SO, flux. This is
about 30 - 40% of the total annual SO, emissions budget (of ~ 13-18 Tg SO, /a;
Stoiber et al., 1987; Andres and Kasgnoc, 1998; Halmer et al., 2002), and is > 50% of
the global emissions to the atmosphere from passively degassing volcanoes (~ 9 Tg
SO, /a Pyle and Mather, 2003). This gives an adequate sample on which to develop an
assessment of global halogen emissions from high-temperature degassing. From the
compiled data in Table 4, we can determine typical halogen:sulphur ratios for the
emissions which characterise arc and non-arc volcanism.

Since the gas chemical ratios span a wide range (e.g. HCI/SO, ranges from < 0.2 to
> 1), we estimate the ‘typical’ halogen:sulphur ratio in two ways: by determining the

geometric mean of the data (which is a better measure of central tendency than the
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arithmetic mean for such data), and by calculating a flux-weighted mean, which
accounts approximately for the typical contribution of each volcano to the global
volcanic SO, budget. Both calculations can be performed straightforwardly for HCI
and HF (Table 5); however, data for HI and HBr are simply too sparse to do anything
else other than make a simple extrapolation to an estimated global flux. From this
analysis, and assuming an arc SO, flux of ~ 15 Tg/a, we estimate the global annual
arc volcano degassing fluxes of HF to be ~ 0.5 (£0.2) Tg/a, and of HCI to be ~ 4.3
(x1) Tg/a (Table 3). These values are not radically different from the most recent
estimates (Fischer 2008), although they are based on a completely different dataset.
The coherence between the two datasets verifies that the assumption that high
temperature fumaroles are an adequate sample of magmatic gas composition is
appropriate, given a sufficiently large sample size and appropriate statistical
treatment. Neither dataset, however, includes the flux of Cl in hot springs (as opposed
to fumaroles) which, in some arcs, may be significant (e.g. Kamchatka, Taran, 2008).
It is also worth noting that the higher arc-HF flux that we estimate here is influenced
strongly by the measurements of a high HF/SO, ratio at Lascar, Chile (Mather et al.,
2004): this is a volcano where the gas plume is a mixture of high-temperature gases
from a pit crater/lava dome, augmented by strong fumarolic emissions from the crater
walls. The estimate of global fluxes of HI and HBr from arc volcanoes are constrained
only by two measurements of gas plumes, from volcanoes in the Central American
arc (Witt et al., 2008). These emissions are remarkably iodine-rich (compared, for
example, to emissions from Etna), consistent with studies of **°I in Central American
arc fluids (Snyder and Fehn, 2002), and our scaling up to a global arc HI flux yields
an estimate which is also consistent with this prior work (Table 3). However, it

remains to be seen whether the HI-rich nature of Central American arc gases is a
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regional effect, controlled by the iodine-rich nature of the subducted sediment
component to this arc, or whether it is a general feature of subduction-related
volcanoes from around the world.

Fluxes of halogens to the atmosphere from non-arc volcanoes are less well-
constrained than those for arc volcanoes, since there are fewer available
measurements (Table 4). Of the systems that have been well-characterised, Etna is
both the best constrained, and one of the strongest point sources of continuous gas
emission to the atmosphere. Halogen to sulphur ratios (HF/SO;, ~ 0.06; HCI/SO, ~
0.3; Table 4) are close to the average arc compositions (Table 5) and, given a time-
averaged SO; flux of ~ 2 Tg/a, Etna accounts for an additional flux of ~ 0.1 Tg HF/a
and 0.6 Tg HCl/a. In contrast, HF and HCI fluxes from Nyiragongo and Kilauea are at
least an order of magnitude smaller than this, due to the lower halogen:sulphur ratios
of gases in these systems.

3.2 Fluxes of halogens to the oceans due to volcanic activity

In addition to the fluxes of halogens and other gases released to the atmosphere by
subaerial volcanoes, there is a volcanic flux of fluids released to the oceans by
submarine volcanic activity. While this submarine gas flux is hard to quantify, due to
the challenges of determining appropriate undegassed magmatic compositions (e.g.
Marty and Tolstikhin, 1998; Saal et al., 2002), it is also likely that the halogen
degassing flux from submarine volcanism is small. Unni and Schilling (1978) argued
that F and CI systematics of mid-Atlantic ridge basalts suggested that chlorine-loss by
volcanic degassing only became important for samples erupted under less than ~ 500
m water depth (~ 5 MPa confining pressure). Based on present-day ridge-axis
bathymetry, <1% of ocean-ridge samples are erupted at a sufficient low confining

pressures to degas halogens in any quantity. In terms of global magma fluxes, the
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time-averaged amount of non-arc submarine basalt which would lose halogens by
degassing is ~ 0.2 km®a; about a tenth of the subaerial magma flux in arc settings.
While ridge-axis volcanism is negligible in terms of direct degassing of halogen-rich
fluids to the oceans, the role played by ocean-ridge processes (e.g. hydrothermal
alteration, brine-formation and exchange with seawater; e.g. German and von Damm,
2003; Gillis et al., 2003; Sharp and Barnes, 2004) is of considerable importance to the
global halogen cycles, due to the role played by the ocean crust in volatile recycling
in subduction zones. The loss of fluids in the forearc of subduction zones may
represent a significant additional flux of halogens to the oceans (see section 3.3),
however this flux is very poorly constrained (Jarrard, 2003; Wallace, 2005). The
fraction of, and timescale over which, volcanic halogens emitted to the atmosphere
are processed into the oceans (for example by wet or dry deposition, or from run-off
from land masses) is also poorly constrained.
3.3 Fluxes of halogens through subduction zones

Subduction zones are important conduits for the transport of chemical species
between the crust, mantle, oceans and atmosphere, and emissions from the associated
volcanism dominates the global subaerial flux, accounting for 70-80% of global time-
averaged volcanic SO, fluxes. One obvious question to resolve is to what extent are
halogens (and other gases) recycled in subduction zones, and is there a material
balance between inputs (subducted slab and associated fluids) and outputs (whether
fluids escape in the forearc; fluid loss to the overriding plate, and fluxes related to arc
volcanism: volcanic gases, fluids and intrusive and extrusive volcanic rocks). In terms
of the overall halogen balance, if the outputs exceed the inputs then the mantle is still
outgassing, and there will be an accumulation of halogens in surface reservoirs such

as the ocean. If the converse is true, then over geological time halogens should
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accumulate in Earth’s interior. The relative stability of halogen levels in the oceans
over geological time suggests that neither of these situations prevail and in fact
halogens are effectively recycled through subduction zones with inputs equal to the
outputs (Wallace, 2005). There have been a number of attempts to evaluate the
chlorine cycle in subduction zones on both global and regional scales (e.g. Ito et al.,
1983; Jarrard, 2003; Straub and Layne, 2003; Figure 5), and there is a measure of
agreement that chlorine is fairly efficiently recycled through subduction zones. The
few existing data for iodine and *?°I suggest that fluxing of I into subduction zones is
also very important for the global | budget: this mechanism both sustains the I content
of the depleted mantle, and explains the elevated levels of *° in arc-related magmas
(Deruelle et al., 1992; Snyder and Fehn, 2002). On the whole however the inputs to
and outputs from subduction zones are too poorly constrained in terms of Br and | to
say anything definitive in terms of the efficiency of their recycling.

As the melt inclusion data reveal (Fig. 2), the Cl contents of subduction zone
magmas appear to be strongly influenced by the addition of a hydrous slab
component. The same is probably true for F in most arcs, although the estimated
contribution of a fluid-slab component to F budgets is highly variable (e.g. < 30% in
the Kermadec arc, Wysoczanski et al., 2006; > 50% in the Izu arc, Straub and Layne,
2003). Much work remains to be done to define the compositional systematics of the
halogen-bearing slab component since it appears to be spatially highly variable, both
between and within arcs (e.g. Portnyagin et al., 2007); a reflection, presumably, both
of source compositions, and the conditions of fluid release and halogen transport at
depth.

Qualitatively, the extent to which all halogen species require a supply from a

subduction-related ‘slab’ component can be seen from Fig. 6. Figure 6 summarises
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the global arc-related degassing fluxes for HCI, HF, HBr and HI, assuming an annual
arc-related SO, flux of 15 Tg/a. The horizontal dashed lines indicate the minimum
supply of halogens (both dissolved in magma and degassed) that would be supplied to
the crust through volcanism, assuming that all volatiles (S, CI, F, Br, 1) are supplied
only from partial melting of a depleted mantle component. Since F and CI are only
partially degassed during magma emplacement and eruption, much of this halogen
flux will be trapped in the shallow crust in intrusive bodies, or will remain dissolved
in the quenched erupted lavas. Even without accounting for the magma-hosted
halogen contents, it is clear from Fig. 6 that melting of the depleted mantle alone
cannot account for the observed arc-degassing fluxes of HCI, HBr and HI, confirming
that each must be sustained by a significant slab-related fluid component. The same
conclusion probably holds for HF, given the high solubility of F in magmas down to
low pressures (Aiuppa, this volume), and the documented importance of subduction-
related slab components of F shown by the systematics of arc-related mafic melt

inclusions (Fig. 2).

4. Closing remarks.

The measurement, interpretation and understanding of halogens in volcanic
systems is at an exciting stage. As chemical tracers of magma source regions, and
monitors of degassing processes, the halogens have an important complementary role
to play in extending the armoury of the modern igneous petrologist. However, before
this point can be reached, we need to have a more complete understanding of the
basics: for example, what are the concentrations of halogens in the solid earth
reservoirs, and what are the principal controls on their behaviour during partial

melting, crystallisation and degassing? In terms of the evidence trail left in erupted
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volcanic products, much will be gained with the further application of quantitative
micro-analytical tools to measure halogens in parallel with their non-volatile trace
element proxies in volcanic glasses and melt inclusions, in order to unravel the
coupled complexities of magmatic differentiation, vapour saturation and degassing,
and thereby to open a window on the source regions of magmas.

The technical challenges for the future are to establish procedures for the
quantitative micro-analysis of glasses and melt inclusions for the full spectrum of
halogens (F, Cl, Br, 1) their non-volatile ‘proxies’ (e.g. P, Nb, Nd, Rb, Ba) and the
isotopic signatures of key light element tracers (e.g. 8'Li, 8''B, %*S), whether by
proton-induced X-ray or gamma-ray emission (PIXE, PIGME; e.g. Mosbah et al.,
1991; Bureau and Métrich, 2003), synchrotron micro-XRF (e.g. Alletti et al., 2007),
secondary ion mass spectrometry (e.g. Hauri 2002; Layne et al., 2004; Bouvier et al.,
2008), or even laser-ablation ICP MS (Boulyga and Heumann, 2005).

Our review shows that despite the challenges in terms of making appropriate
measurements, and the temporal and spatial paucity of the dataset, modern estimates
of the fluxes of HCI and HF to the atmosphere from arc and global volcanism appear
to be converging. Despite our demonstration that there are systematic differences in
the halogen to sulphur ratios between measurements at individual high-temperature
fumaroles and measurements of bulk plumes, the scatter in both datasets is such that
when scaled up to global fluxes there is a reasonable degree of agreement.
Measurements of HBr and HI in volcanic plumes are in their infancy but more such
measurements are to be strongly encouraged in order to constrain better the role of
volcanic degassing in the global geochemical cycles of these species. Further
measurements of halogen to sulphur ratios at non-arc volcanoes are also to be

encouraged both in terms of understanding the flux they represent to the atmosphere
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and better to constrain the importance of subduction processes in terms of the fluxes
of these heavier halogens.

The fluxes of halogens released to the oceans by degassing of submarine lavas are
suggested to be negligible due to the high solubility of halogens in silicate liquids at
even relatively low pressures. Other halogen fluxes to the oceans, due to expulsion of
fluids in the forearc of subduction zones, or deposition of volcanic halogens to the
oceans from the atmosphere via wet or dry deposition, or by run-off from the
continents, remain to be adequately constrained. The role played by ocean-ridge
processes (e.g. hydrothermal alteration, brine-formation and exchange with seawater)
is of considerable importance to the global halogen cycles, due to the role played by
the ocean crust in volatile recycling in subduction zones. Estimates to date suggest
that Cl is effectively recycled through subduction zones and is thus not accumulating
in either the planet’s interior or surface reservoirs. Much further work remains to be
done to establish the extent to which this is also true for the other halogens.

Studies of the behaviour of halogens in igneous rocks are at an important stage:
there is a new appreciation of the role that halogen species may play in the
atmosphere, once released from the magma (e.g. Bobrowski et al., 2003); and the
potential of volcanic plume gas measurements for contributing to an improved
understanding of magma degassing processes has been demonstrated (Aiuppa et al.,
2005; Allard et al., 2005). At the moment, however, understanding of the global
halogen cycles associated with partial melting, magmatism and recycling at
subduction zones is hindered by a lack of data. With the development of micro-
analytical techniques to analyse heavy halogens in glasses and minerals, and with a
targeted approach to making appropriate field measurements at selected volcanoes,

the field should progress rapidly in the future.



567

568

569

570

o71

572

573

o574

575

576

YA

578

579

580

581

582

583

584

585

586

587

588

589

590

24

Acknowledgements

We thank the Leverhulme Trust, the Natural Environment Research Council UK
(NE/C511180/2) and The Royal Society for financial support, and Alessandro
Aiuppa, Melanie Witt, Rob Martin and Sarah Collins for discussion. DMP
acknowledges the importance of SOTA 2007 (Chile), MAG 2007 (Taiwan) and the
Halogens in Volcanic Systems workshops in stimulating this work. We thank Don

Baker, Yuri Taran and an anonymous referee for helpful reviews.

References

Aiuppa, A., Federico, C., Giudice, G., Gurrieri, S., Paonita, A., Valenza, M., 2004.
Plume chemistry provides insights into mechanisms of sulfur and halogen
degassing in basaltic volcanoes. Earth and Planetary Science Letters 222, 469-
483.

Aiuppa, A., Federico, C., Franco, A., Giudice, G., Gurrieri, S., Inguaggiato, S.,
Liuzzo, M., McGonigle, AJ.S., Valenza, M., 2005. Emission of bromine and
iodine from Mount Etna volcano. Geochemistry Geophysics Geosystems 6,
Q08008.

Aiuppa, A., Franco, A, von Glasow, R., Allen, A.G., D'Alessandro, W., Mather,
T.A., Pyle, D.M., Valenza, M., 2007. The tropospheric processing of acidic
gases and hydrogen sulphide in volcanic gas plumes as inferred from field and
model investigations. Atmospheric Chemistry and Physics 7, 1441-1450.

Aiuppa, A., Moretti, R., Federico, C., Giudice, G., Gurrieri, S., Liuzzo, M., Papale, P.,
Shinohara, H., Valenza, M., 2007. Forecasting Etna eruptions by real-time

observation of volcanic gas composition. Geology 35, 1115-1118.



591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

25

Aiuppa, A., 2009. Degassing of halogens from basaltic volcanism: insights from

volcanic gas observations. Chemical Geology (this issue).

Allard, P., Aiuppa, A., Loyer, H., Carrot, F., Gaudry, A., Pinte, G., Michel, A,

Dongarra, G., 2000. Acid gas and metal emission rates during long-lived
basalt degassing at Stromboli volcano. Geophysical Research Letters 27,

1207-1210.

Allard, P., Burton, M., Mure, F., 2005. Spectroscopic evidence for a lava fountain

driven by previously accumulated magmatic gas. Nature 433, 407-410.

Allard, P., C. Oppenheimer, A.J.S. McGonigle, A. Aiuppa, M.F. Le Cloarec, M.J.

Wooster and V.I. Tsanev, Magma supply rate to Erta’ Ale lava lake (Afar)
inferred from measured volatile and heat fluxes, Abstract EGS-AGU-EUG

Joint Assembly, Nice 2004.

Allen, A.G., Baxter, P.J., Ottley, CJ., 2000. Gas and particle emissions from

Soufriére Hills VVolcano, Montserrat, West Indies: characterization and health

hazard assessment. Bulletin of VVolcanology 62, 8-19.

Allen, A.G., Oppenheimer, C., Ferm, M., Baxter, P.J., Horrocks, L.A., Galle, B.,

McGonigle, A.J.S., Duffell, H.J., 2002. Primary sulphate aerosol and
associated emissions from Masaya volcano, Nicaragua. Journal of

Geophysical Research 107, 4682, doi: 10.1029/2002JD002120.

Alletti, M., Baker, D.R., Freda, C., 2007. Halogen diffusion in a basaltic melt.

Geochimica et Cosmochimica Acta 71, 3570-3580.

Andres, R.J., Kasgnoc, A.D., 1998. A time-averaged inventory of subaerial volcanic

sulfur emissions. Journal of Geophysical Research-Atmospheres 103, 25251-

25261.



615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

26

Balcone-Boissard, H., Villemant, B., Boudon, G., Michel, A. 2008. Non-volatile vs
volatile behaviours of halogens during the AD 79 Plinian eruption of Mt.
Vesuvius, Italy. Earth and Planetary Science Letters 269, 66-79.

Barnes, J.D., Sharp, Z.D., 2006. A chlorine isotope study of DSDP/ODP
serpentinized ultramafic rocks: insights into the serpentinization process.
Chemical Geology 228, 246-265.

Bellomo, S., Aiuppa, A., D’Alessandro, W., Parello, F., 2007. Environmental impact
of magmatic fluorine emission in the Mt. Etna area. Journal of VVolcanology
and Geothermal Research 165, 87-101.

Benjamin, E.R., Plank, T., Wade, J.A., Kelley, K.A., Hauri, E.H., Alvarado, G.E.,
2007. High water contents in basaltic magmas from lIrazu Volcano, Costa
Rica. Journal of VVolcanology and Geothermal Research 168, 68-92.

Bobrowski, N., Honninger, G., Galle, B., Platt, U., 2003. Detection of bromine
monoxide in a volcanic plume. Nature 423, 273-276.

Bobrowski, N., von Glasow, R., Aiuppa, A., Inguaggiato, S., Louban, I., Ibrahim,
O.W., Platt, U., 2007. Reactive halogen chemistry in volcanic plumes. Journal
of Geophysical Research-Atmospheres 112, D06311.

Bonifacie, M., Busigny, V., Mevel, C., Philippot, P., Agrinier, P., Jendrzejewski, N.,
Scambelluri, M., Javoy, M., 2008a. Chlorine isotopic composition in seafloor
serpentinites and high-pressure metaperidotites. Insights into oceanic
serpentinization and subduction processes. Geochimica et Cosmochimica Acta
72,126-139.

Bonifacie, M., Jendrzejewski, N., Agrinier, P., Humler, E., Coleman, M., Javoy, M.,
2008b. The chlorine isotope composition of Earth's mantle. Science 319,

1518-1520.



640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

27

Boulyga, S.F., Heumann, K.G., 2005. Direct determination of halogens in powdered
geological and environmental samples using isotope dilution laser ablation
ICP-MS. International Journal of Mass Spectrometry 242, 291-296.

Bouvier, A.S., Metrich, N., Deloule, E., 2008. Slab-derived fluids in the magma
sources of St. Vincent (Lesser Antilles arc): Volatile and light element
imprints. Journal of Petrology 49, 1427-1448.

Bruland, K.W., Lohan, M.C., 2003. Controls of Trace Metals in Seawater. Treatise on
Geochemistry, 6, 23-47.

Bureau, H., Métrich, N., 2003. An experimental study of bromine behaviour in water-
saturated silicic melts. Geochimica et Cosmochimica Acta 67, 1689-1697.

Bureau, H., Keppler, H., Métrich, N., 2000. Volcanic degassing of bromine and
iodine: experimental fluid/melt partitioning data and applications to
stratospheric chemistry. Earth and Planetary Science Letters 183, 51-60.

Burton, M.R., Oppenheimer, C., Horrocks, L.A., Francis, P.W., 2000. Remote sensing
of CO; and H,0 emission rates from Masaya volcano, Nicaragua. Geology 28,
915-918.

Burton M.R., Oppenheimer, C., Horrocks, L.A., Francis P.W., 2001. Diurnal changes
in volcanic plume chemistry observed by lunar and solar occultation
spectroscopy. Geophysical Research Letters 28, 843-846.

Burton M., Allard, P., Muré, F., La Spina, A., 2007. Magmatic gas composition
reveals the source depth of slug-driven strombolian explosive activity. Science
317, 227-230.

Burton, M., Allard, P., Mure, F., Oppenheimer, C., 2003.. FTIR remote sensing of

fractional magma degassing at Mount Etna, Sicily. In: Volcanic Degassing, C.



664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

28

Oppemheimer, D.M. Pyle and J. Barclay (eds.) Geological Society, London,

Special Publication, 213, 281-293.

Carn, S.A., Krueger, A.J., Bluth, G.J.S., Schaefer, S.J., Krotkov, N.A., Watson, .M.,

Datta, S., 2003. Volcanic eruption detection by the Total Ozone Mapping
Spectrometer (TOMS) instruments: a 22-year record of sulphur dioxide and
ash emissions. In: Oppenheimer, C., Pyle, D.M., Barclay, J., eds, Volcanic

Degassing, Geological Society, London, Special Publication 213, 177-202.

Cartigny, P., Pineau, F., Aubaud, C., Javoy, M., 2008. Towards a consistent mantle

carbon flux estimate: Insights from volatile systematics (H,O/Ce, delta D,
CO,/Nb) in the North Atlantic mantle (14° N and 34° N). Earth and Planetary

Science Letters 265, 672-685.

Cioni, R., 2000. Volatile content and degassing processes in the AD 79 magma

chamber at Vesuvius (Italy). Contributions to Mineralogy and Petrology 140,

40-54.

Cronin, SJ., Neall, V.E., Lecointre, J.A., Hedley, M.J., Loganathan, P., 2003.

Environmental hazards of fluoride in volcanic ash: a case study from Ruapehu
volcano, New Zealand. Journal of Volcanology and Geothermal Research 121,

271-291.

Davis, M.G., Garcia, M.O., Wallace, P., 2003. Volatiles in glasses from Mauna Loa

volcano, Hawaii: implications for magma degassing and contamination, and
growth of Hawaiian volcanoes. Contributions to Mineralogy and Petrology

144, 570-591.

Delmelle, P., Stix, J., Bourque, C.P-A., Baxter, P.J., Garcia-Alvarez, J., Barquero, J.,

2001. Dry deposition and heavy acid loading in the vicinity of Masaya



688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

29

Volcano, a major sulfur and chlorine source in Nicaragua. Environmental
Science and Technology 35, 1289-1293.

Delmelle, P., Delfosse, T., Delvaux, B., 2003. Sulfate, chloride and fluoride retention
in andosols exposed to volcanic acid emissions. Environmental Pollution 126,
445-457.

Delmelle, P., Lambert, M., Dufrene, Y., Gerin, P., Oskarsson, N., 2007. Gas/aerosol-
ash interaction in volcanic plumes: new insights from surface analysis of fine
ash particles. Earth and Planetary Science Letters 259, 159-170.

Deruelle, B., Dreibus, G., Jambon, A., 1992. lodine abundances in oceanic basalts:
implications for Earth dynamics. Earth and Planetary Science Letters 108,
217-227.

Devine, J.D., Sigurdsson, H., Davis, A.N., Self, S., 1984. Estimates of sulfur and
chlorine vyield to the atmosphere from volcanic-eruptions and potential
climatic effects. Journal of Geophysical Research 89, 6309-6325.

Duffell, H.J., Oppenheimer, C., Burton, M., 2001. Volcanic gas emission rates
measured by solar occultation spectroscopy. Geophysical Research Letters 28,
3131-3134.

Duffell, H.J., Oppenheimer, C., Pyle, D.M., Galle, B., McGonigle, A.J.S., Burton,
M.R., 2003. Changes in gas composition prior to a minor explosive eruption at
Masaya volcano, Nicaragua. Journal of Volcanology and Geothermal
Research 126, 327-3309.

Edmonds, M., Pyle, D., Oppenheimer, C., 2001. A model of degassing at the
Soufriére Hills Volcano, Montserrat, West Indies, based on geochemical data.

Earth and Planetary Science Letters 186, 159-173.



712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

30

Edmonds, M., Pyle, D.M., Oppenheimer, C., 2002. HCI emissions at Soufriere Hills
Volcano, Montserrat, West Indies, during a second phase of dome building:
November 1999 to October 2000. Bulletin of VVolcanology 64, 21-30.

Edmonds, M., Oppenheimer, C., Pyle, D.M., Herd, R.A., 2003. Rainwater and ash
leachate analysis as proxies for plume chemistry at Soufriere Hills volcano,
Montserrat. In: Oppenheimer, C., Pyle, D.M., Barclay, J., (eds), Volcanic
Degassing. Geological Society of London Special Publication 213, 203-218.

Edmonds, M., Gerlach, T.M., 2007. Vapor segregation and loss in basaltic melts.
Geology 35, 751-754.

Edmonds, M., McGee, K.A., Doukas, M.P., 2008. Chlorine degassing during the lava
dome-building eruption of Mount St Helens, 2004-2005. In: Sherrod, D.R.,
Scott, W.E., Stauffer, P.H., (Eds.), A volcano rekindled: the renewed eruption
of Mount St Helens 2004-2006. United States Geological Survey Professional
Paper 1750 (in press).

Edmonds, M., Gerlach, T.M., Herd, R.A., 2009. Halogen degassing during ascent and
eruption of water-poor basaltic magma. Chemical Geology (this issue).
Fischer, T.P., 2008. Fluxes of volatiles (H,O, CO,, N, Cl, F) from arc volcanoes.

Geochemical Journal 42, 21-38.

Francis, P., Burton, M.R., Oppenheimer, C., 1998. Remote measurements of volcanic
gas compositions by solar occultation spectroscopy. Nature, 396, 567-5609.

Francis, P., Maciejewski, A., Oppenheimer, C., Chaffin, C., Caltabiano, T., 1995.
SO2:HCI ratios in the plumes from Mt. Etna and Vulcano determined by

Fourier transform spectroscopy. Geophysical Research Letters, 22, 1717-1720.



735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

31

Frische, M., Garofalo, K., Hansteen, T.H., Borchers, R. 2006. Fluxes and origin of
halogenated organic trace gases from Momotombo volcano (Nicaragua).
Geochemistry Geophysics Geosystems 7, Q05020.

German, C.R., Von Damm, K.L., 2003. Hydrothermal Processes. Treatise on
Geochemistry 6, 181-222.

Gillis, K.M., Coogan, L.A., Chaussidon, M. 2003. Volatile element (B, CI, F)
behaviour in the roof of an axial magma chamber from the East Pacific Rise.
Earth and Planetary Science Letters 213, 447-462.

Greenwood, N.N., Earnshaw, A., 1984. Chemistry of the elements. Pergamon,
Oxford. 2542 pp.

Halmer, M.M., Schmincke, H.U., Graf, H.F., 2002. The annual volcanic gas input into
the atmosphere, in particular into the stratosphere: a global data set for the past
100 years. Journal of Volcanology and Geothermal Research 115, 511-528.

Hauri, E., 2002. SIMS analysis of volatiles in silicate glasses, 2: isotopes and
abundances in Hawaiian melt inclusions. Chemical Geology 183, 115-141.

Hauri, E., Wang, J., Dixon, J.E., King, P.L., Mandeville, C., Newman, S., 2002. SIMS
analysis of volatiles in silicate glasses 1. Calibration, matrix effects and
comparisons with FTIR. Chemical Geology 183, 99-114.

Hilton, D.R., Fischer, T.P., Marty, B., 2002. Noble gases and volatile recycling at
subduction zones. Reviews in Mineralogy and Geochemistry 47, 319-370.

Hofmann, A.W., 1988. Chemical differentiation of the Earth: the relationship between
mantle, continental crust and oceanic crust. Earth and Planetary Science

Letters 90, 297-314.



758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

e

778

779

780

781

782

32

Horrocks, L., Burton, M., Francis, P., Oppenheimer, C., 1999. Stable gas plume
composition measured by OP-FTIR spectroscopy at Masaya Volcano,
Nicaragua, 1998-1999. Geophysical Research Letters 26, 3497-3500.

Horrocks, L.A., Oppenheimer, C., Burton, M.R., Duffell, H.J., 2003. Compositional
variation in tropospheric volcanic gas plumes: evidence from ground-based
remote sensing. In: Oppenheimer, C., Pyle, D.M., Barclay, J., (eds), Volcanic
Degassing. Geological Society of London Special Publication 213, 349-3609.

Ito, E., Harris, D.M., Anderson, A.T., 1983. Alteration of oceanic crust and geologic
cycling of chlorine and water. Geochimica et Cosmochimica Acta 47, 1613—
1624.

Jambon, A., Deruelle, B., Dreibus. G., Pineau, F., 1995. Chlorine and bromine
abundance in MORB: the contrasting behaviour of the Mid-Atlantic Ridge and
East Pacific Rise and implications for chlorine geodynamic cycle. Chemical
Geology 126, 101-117.

Jarrard, R.D., 2003. Subduction fluxes of water, carbon dioxide, chlorine, and
potassium.  Geochemistry  Geophysics Geosystems, 4, 8905, doi:
10.1029/2002GC000392.

Kent, AJ.R., Peate, D.W., Newman, S., Stolper, E.M., Pearce, J.A., 2002. Chlorine in
submarine glasses from the Lau basin: seawater contamination and constraints
on the composition of the slab-derived fluids. Earth and Planetary Science
Letters 202, 361-377.

Kramers, J.D., 2003. Volatile element abundance patterns and an early liquid water
ocean on Earth. Precambrian Research 126, 379-394.

Lassiter, J.C., Hauri, E.H., Nikogosian, I.K., Barsczus, H.G., 2002. Chlorine-

potassium variations in melt inclusions from Raivavae and Rapa, Austral



783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

33

Islands: constraints on chlorine recycling in the mantle and evidence for brine-
induced melting of oceanic crust. Earth and Planetary Science Letters 202,
525-540.

Layne, G.D., Godon, A., Webster, J.D., Bach, W., 2004. Secondary ion mass
spectrometry for the determination of delta CI-37 Part I. lon microprobe
analysis of glasses and fluids. Chemical Geology 207, 277-289.

le Roux, P.J., Shirey, S.B., Hauri, E.H., Perfit, M.R., Bender, J.F., 2006. The effects
of variable sources, processes and contaminants on the composition of
northern EPR MORB (8-10° N and 12-14° N): evidence from volatiles (H,O,
COg, S) and halogens (F, CI). Earth and Planetary Science Letters 251, 209-
231.

Li, Y-H., Schoomaker, J.E., 2003. Chemical Composition and Mineralogy of Marine
Sediments. Treatise on Geochemistry 7, 1-35.

Love, S.P., Goff, F., Counce, D., Siebe, C., Delgado, H., 1998. Passive infrared
spectroscopy of the eruption plume at Popocatépetl volcano, Mexico. Nature
396, 563-566.

Luth, R.W., 2003. Mantle volatiles — distributions and consequences. Treatise on
Geochemistry 2, 319-361.

Lyubetskaya, T., Korenaga, J., 2007. Chemical composition of Earth's primitive
mantle and its variance: 1. Method and results. Journal of Geophysical
Research-Solid Earth 112, B03211.

Magenheim, A.J., Spivack, A.J., Michael, P.J., Gieskes, J.M., 1995. Chlorine stable-
isotope composition of the oceanic-crust - implications for Earths distribution

of chlorine. Earth and Planetary Science Letters 131, 427-432.



807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

34

Martin, R.S., Mather, T.A., Pyle, D.M., 2006. High-temperature mixtures of
magmatic and atmospheric gases. Geochemistry Geophysics Geosystems 7,
Q04006

Mather, T.A., Allen, A.G., Oppenheimer, C., Pyle, D.M., McGonigle, A.J.S., 2003.
Size-resolved characterisation of soluble ions in the particles in the
tropospheric plume of Masaya Volcano, Nicaragua: origins and plume
processing. Journal of Atmospheric Chemistry 46, 207-237.

Mather, T.A., Tsanev, V.I., Pyle, D.M., McGonigle, A.J.S., Oppenheimer, C., Allen,
A.G., 2004. Characterization and evolution of tropospheric plumes from
Lascar and Villarrica volcanoes, Chile. Journal of Geophysical Research -
Atmospheres, 109, D21303, doi:10.1029/2004JD004934.

Mather, T.A., Pyle, D.M., Tsanev, V.l., McGonigle, A.J.S., Oppenheimer, C., Allen,
A.G., 2006. A reassessment of current volcanic emissions from the Central
American arc with specific examples from Nicaragua. Journal of Volcanology
and Geothermal Research 149, 297-311.

McDonough, W.F., Sun, S.S., 1995. The composition of the Earth. Chemical Geology
120, 223-253.

McGonigle, A.J.S., Oppenheimer, C., Galle, B., Mather, T.A., Pyle, D.M., 2002.
Walking traverse and scanning DOAS measurements of volcanic gas emission
rates. Geophysical Research Letters 29, L1985.

Meétrich, N., Allard, P., Spilliaert, N., Andronico, D., Burton, M. 2004. 2001 flank
eruption of the alkali- and volatile-rich primitive basalt responsible for Mount
Etna’s evolution in the last three decades. Earth and Planetary Science Letters

228, 1-17.



831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

35

Métrich, N., Rutherford, M.J., 1992. Experimental-study of chlorine behavior in
hydrous silicic melts. Geochimica et Cosmochimica Acta 56, 607-616.

Michael, P. 1995. Regionally distinctive sources of depleted MORB - evidence from
trace-elements and H,O. Earth and Planetary Science Letters 131, 301-320.

Michael, P.J., Schilling, J.G., 1989. Chlorine in mid-ocean ridge magmas: evidence
for assimilation of seawater-influenced components. Geochimica et
Cosmochimica Acta 53, 3131-3143.

Millard, G.A., Mather, T.A., Pyle, D.M., Rose, W.1., Thornton, B.F., 2006. Halogen
emissions from a small volcanic eruption: modeling the peak concentrations,
dispersion and volcanically induced ozone loss in the stratosphere,
Geophysical Research Letters 33, L19815, d0i:10.1029/2006GL026959.

Mori, T., Notsu, K., Tohjima, Y., Wakita, H., 1993. Remote detection of HCI and SO,
in volcanic gas from Unzen volcano, Japan. Geophysical Research Letters 20,
1355-1358.

Mori, T., M. Sato, Y. Shimoike and K. Notsu, High SiF4s/HF ratio detected in
Satsuma-Iwojima volcano’s plume by remote FT-IR observation. Earth
Planets Space 54, 249-256, 2002.

Mori, T., Notsu, K., 2003. Ground-based remote FT-IR measurements of volcanic gas
chemistry at Sakurajima volcano, Japan, Geochimica et Cosmochimica Acta,
67, A304, 2003.

Mosbah, M., Metrich, N., Massiot, P., 1991. PIGME Fluorine determination using a
Nuclear Microprobe with application to glass inclusions. Nuclear Instruments

and Methods in Physics Research B 58, 227-231.



854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

36

Moune, S., Sigmarsson, O., Thordarson, T., Gauthier, P-J., 2007. Recent volatile
evolution in the magmatic system of Hekla volcano, Iceland. Earth and
Planetary Science Letters 255, 373-389.

Muramatsu, Y., Wedepohl, K.H., 1998. The distribution of iodine in the earth’s crust.
Chemical Geology 147, 201-216.

Musselwhite, D.S., Drake, M.J., 2000. Early outgassing of Mars: Implications from
experimentally determined solubility of iodine in silicate magmas. Icarus 148,
160-175.

Notsu, K., Mori, T., Sumino, H., 2002. High HCI flux from Miyakejima volcano,
Japan, Geochimica et Cosmochimica Acta, 66, A560, 2002.

Oppenheimer, C., Bani, P., Calkins, J.A., Burton, M.R., Sawyer, G.M., 2006. Rapid
FTIR sensing of volcanic gases released by Strombolian explosions at Yasur
volcano, Vanuatu. Applied Physics B 85, 453-460.

Oppenheimer, C., Kyle, P.R., 2008. Probing the magma plumbing of Erebus volcano,
Antarctica, by open-path FTIR spectroscopy of gas emissions. Journal of
Volcanology and Geothermal Research (in press;
doi:10.1016/j.jvolgeores.2007.08.022)

Palme, H., Jones, A., 2003. Solar System Abundances of the Elements. Treatise on
Geochemistry 1, 41-61.

Palme, H., O’Neill, H.St.C., 2003. Cosmochemical Estimates of Mantle Composition.
Treatise on Geochemistry 2, 1-38.

Pepin, R.O., Porcelli, D., 2006. Xenon isotope systematics, giant impacts and mantle
degassing on the early Earth. Earth and Planetary Science Letters 250, 470-

485.



878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

37

Philippot, P., Agrinier, P., Scambelluri, M., 1998. Chlorine cycling during subduction
of altered oceanic crust. Earth and Planetary Science Letters 161, 33-44.
Portnyagin, M., Hoernle, K., Plechov, P., Mironov, N., Khubunaya, S., 2007.

Constraints on mantle melting and composition and nature of slab components
in volcanic arcs from volatiles (H,O, S, Cl, F) and trace elements in melt
inclusions from the Kamchatka Arc. Earth and Planetary Science Letters 255,

53-69.

Pyle, D.M., Mather, T.A., 2003. The importance of volcanic emissions for the global
atmospheric mercury cycle. Atmospheric Environment 37, 5115-5124,
Railsback, L.B., 2003. An Earth Scientist’s periodic table of the elements and their

ions. Geology 31, 737-741.

Rose, W.I., Millard, G.A., Mather, T.A., Hunton, D.E., Anderson, B., Oppenheimer,
C., Thornton, B.F., Gerlach, T.M., Viggiano, A.A., Kondo, Y., Miller, T.M.,
Ballenthin, J.0., 2006. The atmospheric chemistry of a 33-34 hour old
volcanic cloud from Hekla Volcano (Iceland): insights from direct sampling
and the application of chemical box modelling. Journal of Geophysical
Research — Atmospheres, 111, D20206, doi:10.1029/2005JD006872.

Rudnick, R.L. and Gao, 2003. Composition of the Continental Crust. In, Treatise on
Geochemistry, Volume 3, 1-64

Saal, A.E., Hauri, E.H., Langmuir, C.H., Perfit, M.R., 2002. Vapour undersaturation
in primitive mid-ocean-ridge basalt and the volatile content of Earth's upper
mantle. Nature 419, 451-455.

Sadofsky, S.J., Portnyagin, M., Hoernle, K., van den Bogaard, P. 2008. Subduction

cycling of volatiles and trace elements through the Central American volcanic



902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

38

arc: evidence from melt inclusions. Contributions to Mineralogy and
Petrology 155, 433-456.

Salters, V.J.M., Stracke, A., 2004. Composition of the depleted mantle. Geochemistry
Geophysics Geosystems 5, Art. No. Q05004.

Sawyer, G.M., Carn, S.A., Tsanev, V.l., Oppenheimer, C., Burton, M., 2008.
Investigation into magma degassing at Nyiragongo volcano, Democratic
Republic of the Congo. Geochemistry Geophysics Geosystems 9, Q02017,
doi:10.1029/2007GC001829.

Sawyer, G.M., Oppenheimer, C., Tsanev, V.l., Yirgu, G., 2009. Magmatic degassing
at Erta ‘Ale volcano, Ethiopia. Journal of Volcanology and Geothermal
Research, in press, doi: 10.1016/j.jvolgeores.2008.09.017

Scaillet B., Luhr J. F., Carroll M. C., 2003. Petrological and volcanological
constraints on volcanic sulfur emissions to the atmosphere. In: Robock A.,
Oppenheimer C. (Eds.), Volcanism and the Earth's Atmosphere. Geophysical
Monograph 139, 11-40.

Scambelluri, M., Muntener, O., Ottolini, ., Pettke, T., Vannucci, R., 2004. The fate of
B, Cl and Li in the subducted oceanic mantle and in the antigorite breakdown
fluids. Earth and Planetary Science Letters 222, 217-234.

Schilling, J-G., Unni, C.K., Bender, M.L., 1978. Origin of chlorine and bromine in the
oceans. Nature 273, 631-636.

Schilling, J.G. Bergeron, M.B., Evans, R.., 1980. Halogens in the mantle beneath the
North Atlantic. Philosophical Transactions of the Royal Society of London.
A297, 147-178.

Schwandner, F.M., Seward, T.M., Gize, A.P., Hall, P.A., Dietrich, V.J., 2004. Diffuse

emission of organic trace gases from the flank and crater of a quiescent active



927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

39

volcano (Vulcano, Aeolian Islands, Italy). Journal of Geophysical Research-
Atmospheres 109, D04301.

Seaman, C., Sherman, S.B., Garcia, M.O., Baker, M.B., Balta, B., Stolper, E., 2004.
Volatiles in glasses from the HSDP2 drill core. Geochemistry Geophysics
Geosystems 5, Q09G16.

Sharp, Z.D., Barnes, J.D., 2004. Water-soluble chlorides in massive seafloor
serpentinites: a source of chloride in subduction zones. Earth and Planetary
Science Letters 226, 243-254.

Sharp, Z.D., Barnes, J.D., Brearley, A.J., Chaussidon, M., Fischer, T.P., Kamenetsky,
V.S., 2007. Chlorine isotope homogeneity of the mantle, crust and
carbonaceous chondrites. Nature 446, 1062-1065.

Shinohara, H., 2005. A new technique to estimate volcanic gas composition: plume
measurements with a portable multi-sensor system. Journal of Volcanology
and Geothermal Research 143, 319-333.

Shinohara, H., Witter, J.B., 2005. Volcanic gases emitted during mild Strombolian
activity of Villarrica volcano, Chile. Geophysical Research Letters 32,
L20308, d0i:10.1029/2005GL024131.

Signorelli, S., Carroll, M.R., 2000. Solubility and fluid-melt partitioning of Cl in
hydrous phonolitic melts. Geochimica et Cosmochimica Acta 64, 2851-2862.

Signorelli, S., Carroll, M.R., 2001. Experimental constraints on the origin of chlorine
emissions at the Soufriere Hills volcano, Montserrat. Bulletin of VVolcanology
62, 431-440.

Simons, K., Dixon, J., Schilling, J.G., Kingsley, R., Poreda, R., 2002. Volatiles in

basaltic glasses from the Easter-Salas y Gomez Seamount Chain and Easter



951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

40

Microplate: Implications for geochemical cycling of volatile elements
Geochemistry Geophysics Geosystems 3, 1039.

Snyder, G. T., Fehn, U., 2002. Origin of iodine in volcanic fluids: **°I results from the
Central American Volcanic Arc. Geochimica et Cosmochimica Acta 66, 3827-
3838.

Snyder, G.T., Fehn, U., Goff, R., 2002. lodine isotope ratios and halide concentrations
in fluids of the Satsuma-Iwojima volcano, Japan. Earth Planets and Space 54,
265-273.

Spilliaert, N., Allard, P., Métrich, N., Sobolev, A.V., 2006a. Melt inclusion record of
the conditions of ascent, degassing and extrusion of volatile-rich alkali basalt
during the powerful 2002 flank eruption of Mount Etna (Italy). Journal of
Geophysical Research 111, B04203, doi:10.1029/2005JB003934.

Spilliaert, N., Métrich, N., Allard, P., 2006b. S-CI-F degassing pattern of water-rich
alkali basalt: Modelling and relationship with eruption styles on Mount Etna
volcano. Earth and Planetary Science Letters 248, 772-786.

Stoiber, R.E., Jepsen, A., 1973. Sulfur-dioxide contributions to atmosphere by
volcanoes. Science 182, 577-578.

Stolper, E., Newman, S. 1994. The role of water in the petrogenesis of Mariana
Trough magmas. Earth and Planetary Science Letters 121, 293-325.

Stolper, E., Sherman, S., Garcia, M., Baker, M., Seaman, C., 2004. Glass in the
submarine section of the HSDP2 drill core, Hilo, Hawaii. Geochemistry
Geophysics Geosystems 5, Q07G15.

Straub, S.M., Layne, G.D., 2003. The systematics of chlorine, fluorine and water in
Izu arc front volcanic rocks: implications for volatile recycling in subduction

zones. Geochimica et Cosmochimica Acta 67, 4179— 4203.



976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

41

Stroncik, N.A., Haase, K.M., 2004. Chlorine in oceanic intraplate basalts: Constraints
on mantle sources and recycling processes. Geology 32, 945-948.

Sun, W.D., Binns, R.A., Fan, A.C., Kamenetsky, V.S., Wysoczanski, R., Wei, G.J.,
Hu, Y.H., Arculus, R.J., 2007. Chlorine in submarine volcanic glasses from
the eastern Manus basin. Geochimica et Cosmochimica Acta 71, 1542-1552.

Symonds, R.B., Rose, W.I., Reed, M.H. 1988. Contribution of Cl-bearing and F-
bearing gases to the atmosphere by volcanos. Nature 334, 415-418.

Symonds, R.B., Reed, M.H., Rose, W.I., 1992. Origin, speciation, and fluxes of trace-
element gases at Augustine volcano, Alaska: Insights into magma degassing
and fumarolic processes. Geochimica et Cosmochimica Acta 56, 633-657.

Symonds, R.B., Rose, W.I., Bluth, G.J.S., Gerlach, T.M., 1994. Volcanic gas studies -
methods, results, and applications. Reviews in Mineralogy 30, 1-66.

Symonds, R.B., Gerlach, T.M., Reed, M.H., 2001. Magmatic gas scrubbing:
implications for volcano monitoring. Journal of Volcanology and Geothermal
Research 108, 303-341.

Taran, Y., Hedenquist, J.W., Korzhinsky, M.A., Tkachenko, S.I., Shmulovich, K.I.,
1995. Geochemistry of magmatic gases from Kudryavy volcano, lturup, Kuril
islands. Geochimica et Cosmochimica Acta 59, 1749-1761.

Taran, Y.A., 2008. Geochemistry of volcanic and hydrothermal fluids and volatile
budget of the Kamchatka-Kuril subduction zone. Geochimica et
Cosmochimica Acta (in press).

Thordarson, T., Self, S., Oskarsson, N., Hulsebosch, T., 1996. Sulfur, chlorine, and
fluorine degassing and atmospheric loading by the 1783-1784 AD Laki

(Skaftar Fires) eruption in Iceland. Bulletin of VVolcanology 58, 205-225.



1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

42

Unni, C.K., Schilling, J.G., 1978. Cl and Br degassing by volcanism along the
Reykjanes Ridge and Iceland. Nature 272, 19-23

Villemant, B., Boudon, G., 1999. H,O and halogen (F, Cl, Br) behaviour during
shallow magma degassing processes, Earth and Planetary Science Letters168,
271-286.

Villemant, B., Boudon, G., Nougrigat, S., Poteaux, S., Michel, A., 2003. Water and
halogens in volcanic clasts: tracers of degassing processes during Plinian and
dome-building eruptions. In: Oppenheimer, C., Pyle, D.M., Barclay, J., (Eds),
Volcanic Degassing. Geological Society of London Special Publication 213,
63-79.

Villemant, B., Hammouya, G., Michel, A., Semet, M.P., Komorowski, J.C., Boudon,
G., Cheminee, J.L., 2005. The memory of volcanic waters: Shallow magma
degassing revealed by halogen monitoring in thermal springs of La Soufriere
volcano (Guadeloupe, Lesser Antilles). Earth and Planetary Science Letters
237, 710-728.

Villemant, B., Mouatt, J., Michel, A., 2008. Andesitic magma degassing investigated
through H,O vapour-melt partitioning of halogens at Soufriere Hills VVolcano,
Montserrat (Lesser Antilles). Earth and Planetary Science Letters 269, 212-
229.

Wade, J.A., Plank, T., Melson, W.G., Soto, G.J., Hauri, E.H., 2006. The volatile
content of magmas from Arenal volcano, Costa Rica. Journal of VVolcanology
and Geothermal Research 157, 94-120.

Wallace, P.J., 2005. Volatiles in subduction zone magmas: concentrations and fluxes
based on melt inclusion and volcanic gas data. Journal of Volcanology and

Geothermal Research 140, 217— 240.



1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

43

Wardell, L.J., Kyle, P.R., Counce, D., 2008. Volcanic emissions of metals and
halogens from White Island (New Zealand) and Erebus volcano (Antarctica)
determined with chemical traps. Journal of Volcanology and Geothermal
Research (in press, doi:10.1016/j.jvolgeores.2007.07.007).

Warneck, P., 2000. Chemistry of the natural atmosphere, 2™ ed. Academic Press,
London, 927 pp.

Wasson, J.T., 1985. Meteorites, their record of early solar-system history. WH
Freeman and Co, New York, 267 pp

Webster, J.D., 1997. Chloride solubility in felsic melts and the role of chloride in
magmatic degassing. Journal of Petrology 38, 1793-1807.

Webster, J.D., Kinzler, R.J., Mathez, E.A., 1999. Chloride and water solubility in
basalt and andesite melts and implications for magmatic degassing.
Geochimica et Cosmochimica Acta 63, 729-738.

Webster, J.D., 2004. The exsolution of magmatic hydrosaline chloride liquids.
Chemical Geology 210, 33-48.

Wedepohl, K.H., 1995. The composition of the continental crust. Geochimica et
Cosmochimica Acta 59, 1217-1232.

Williams-Jones, AE; Heinrich, CA. 2005. 100th Anniversary special paper: Vapor
transport of metals and the formation of magmatic-hydrothermal ore deposits.
Economic Geology 100, 1287-1312.

Witt, M.L.1., T.A. Mather, D.M. Pyle, A. Aiuppa, E. Bagnato and V.I. Tsanev, 2008,
Mercury and halogen emissions from Masaya and Telica volcanoes,

Nicaragua, Journal of Geophysical Research 113, B06203.



1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

44

Witter, J. B., Kress, V.C., Delmelle, P., Stix, J., 2004. Volatile degassing, petrology,
and magma dynamics of the Villarrica lava lake, southern Chile. Journal of
Volcanology and Geothermal Research 134, 303 337.

Wolff-Boenisch, D., Gislason, S.R., Oelkers, E.H., 2004. The effect of fluoride on the
dissolution rates of natural glasses at pH 4 and 25°C. Geochimica et
Cosmochimica Acta 68, 4571-4582.

Workman, R.K., Hart, S.R., 2005. Major and trace element composition of the
depleted MORB mantle (DMM). Earth and Planetary Science Letters 231, 53-
72.

Workman, R.K., Hauri, E., Hart, S.R., Wang, J., Blusztajn, J., 2006. Volatile and trace
elements in basaltic glasses from Samoa: Implications for water distribution in
the mantle. Earth and Planetary Science Letters 241, 932-951.

Wysoczanski, R.J., Wright, 1.C., Gamble, J.A., Hauri, E.H., Luhr, J.F., Eggins, S.M.,
Handler, M.R., 2006. Volatile contents of Kermadec Arc-Havre Trough pillow
glasses: fingerprinting slab-derived aqueous fluids in the mantle sources of arc
and back-arc lavas. Journal of Volcanology and Geothermal Research 152, 51-
73.

Zreda-Gostynska, G., Kyle, P., Finnegan, D., Prestbo, K., 1997. Volcanic gas
emissions from Mount Erebus and their impact on the Antarctic environment.

Journal of Geophysical Research 102, 15039-15055.



1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

45

Figure captions.

Figure 1.

Graph showing the ratio of recent estimate of bulk continental crust composition
(Rudnick and Gao, 2003) to a recent estimate of primitive mantle composition (Palme
and O’Neill, 2003) for selected elements, ordered with assumed increasing
incompatibility during partial melting towards the left hand side. Bulk continental
crust composition does not include the reservoirs of present-day seawater and
atmosphere. Cl and Br show a deviation from the general trend because substantial
amounts of chlorine and bromine are accounted for by seawater. Significant
quantities of | are held in crustal sediments, rather than seawater, and the strong
enrichment of | in the bulk crust is consistent with its assumed highly incompatible
nature during anhydrous partial melting of peridotite (e.g. Deruelle et al., 1992). The
enrichment of F in the crust is consistent with evidence for the similar
incompatibilities of F, Nd and Sr in MORBs (e.g. Schilling et al., 1980; Workman et

al., 2006; Le Roex et al., 2006).

Figure 2.

Compilation of F/P and CI/K ratios measured in phenocryst-hosted mafic melt
inclusions from different settings. Note the broad uniformity of F/P ratios between
different settings (Siqueiros, Hawaii and Iceland, Fig. 2A); the lack of evidence for
strong losses of F during degassing (melt inclusion and matrix glass fields generally
overlap, Fig. 2B), and the strong variability of F/P in arc settings, particularly notable
for the 1zu arc samples (Figs. 2A, 2C). In contrast, CI/K increases substantially from
Siqueiros through Hawaii and Iceland to subduction-related settings, pointing to fluid-

related source enrichment of Cl in subduction-zone magmas. Data sources: Hawaii -
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Davis et al., 2003; Stolper et al., 2004; Siqueiros transform — Saal et al., 2002; Iceland
— Thordarson et al., 1996; Moune et al., 2007; Subduction zones: Kermadec —
Wysoczanski et al., 2006; Izu — Straub and Layne, 2003; Central America — Wade et
al., 2006, Benjamin et al., 2007, Sadofsky et al., 2008; Kamchatka — Portnyagin et al.,

2007.

Figure 3.

Systematics of variation of the mass ratio F/CI with MgO (wt%) in mafic glasses and
melt inclusions from different volcanic settings. Note the high F/CI ratio which
characterises the MORB-source mantle, such as that sampled at the Siqueiros
transform. Also noteworthy is the considerable range of F/Cl in Hawaiian glasses and
melt inclusions: matrix glasses from subaerially-erupted samples show a narrower
(high) range of F/CI, from ~ 0.7 - > 7; some melt inclusions and a portion of matrix
glasses from subaqueously-emplaced samples range to very low F/Cl (<0.2). The
variability might reflect contamination of some submarine samples with sea-water, or
sea-water-derived fluids in the crust; it may also reflect preferential loss of Cl during
degassing of shallow-submarine and subaerial samples. Mafic samples from some
arc-related systems (Kermadec (not shown), Izu) show low F/CI, reflecting the
importance of the subduction component for Cl. Melt inclusion data (e.g. for
Kamchatka) show no evidence of low-pressure loss of CI during fractional
crystallisation. Data sources: Hawaii - Davis et al., 2003; Stolper et al., 2004;
Kamchatka — Portnyagin et al., 2007; lzu — Straub and Layne, 2003; Siqueiros

transform — Saal et al., 2002; Iceland - Thordarson et al., 1996; Moune et al., 2007.

Figure 4.
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Comparison of high-temperature fumarole data for arc volcanoes (compiled in
Fischer, 2008) and vent gas (plume) measurements from arc and other volcanoes
(compiled in Table 3). Note the halogen-rich character of emissions from Erebus’
phonolite lava lake; and the HCI/SO; ratios of gases from some mafic intraplate

volcanoes (Nyiragongo, Kilauea).

Figure 5.

Summary of different estimates of the ClI budget in subduction zones, based on
assessments of the quantities subducted (in fluids, ocean crust and sediments; the
‘input’ component) and the ‘output’ (the degassing flux, plus that accounted for in
erupted and intruded magmas), with error bars shown on the ‘output’ estimates. Data
sources: 1 — Ito et al., 1983; 2 — Jarrard, 2003; 3 — Straub and Layne, 2003; 4 —
Wallace 2005; 5 — this work. The current estimate of the arc HCI degassing flux (~ 5
Tg/a) is shown for reference. Although estimates of global CI subduction fluxes vary
by over an order of magnitude, none of these authors have suggested that the inputs
and outputs are not closely matched, with the implication that observed magmatic ClI-
fluxes at subduction zones can be entirely accounted for by the addition of CI

associated with a subduction (slab fluid) component.

Figure 6.

Summary of global arc related degassing fluxes for HCI, HF, HBr and HI, assuming
an annual SO, flux of 15 Tg/a. Data sources: 1 — Symonds et al., 1988; 2 — Halmer et
al., 2002; 3 — this work; 4 — Bobrowski et al., 2003; 5 — Snyder and Fehn, 2002; 6 —
Aiuppa et al., 2005 (estimated global flux). The horizontal dashed lines indicate the

minimum supply of halogens (both dissolved in magma and degassed) supplied to the
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crust and atmosphere through volcanism, assuming that all volatiles (S, CI, F, Br, 1)
are supplied only from the depleted mantle, calculated assuming 10% partial melting
of a depleted mantle (spinel Iherzolite) source (Salters and Stracke, 2004; Table 1 line
5), with bulk mineral-melt partition coefficients of: S (0.07), F (0.02), CI, Br (0.0002),
| (0), a basalt magma flux of 3 km*/a, and an SO, flux of ca. 15 Tg/a. The point of the
calculation is that while melting of the depleted mantle alone can account for the
degassing flux of S to the atmosphere from arc volcanoes, the estimated arc degassing
fluxes of HCI, HBr and HI cannot be accounted for by the observed arc magma flux.
The total magmatic flux of HF is potentially significant, but only a small component
is released during degassing, suggesting that a subduction-related slab component is

also needed to account for observed arc HF degassing fluxes.
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Table 1. The halogens: summary of their key properties

F Cl Br
Atomic number 9 17 35
Atomic mass 18.998 35.453 79.904
Radius of halide ion 133 181 195
(X', x 10 m)
Stable isotopes = cl,¥cl  Br, ¥Br
Naturally occurring radioactive isotopes, el
and half lives (300 Kka; [a])
50% nebular condensation T (K) at 10 Pa 736 863 690

Data sources: Greenwood and Earnshaw (1984), Railsback (2003), Wasson (1985).
a — cosmogenic nuclide; b — products of the U, Th decay series

I
53
126.905
216

127|
129|

(15.7 Ma; [a])

At
85
(210)

2BAL (1.59), 29At
(56's) [b]
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Table 2.

Selected estimates of halogen and other volatile contents of terrestrial reservoirs (ppm, for solid reservoirs; mol/kg for aqueous fluids, ppb by

volume for the atmosphere).
Reservoir F Cl Br | H,0O C S K P Nb Dy Ref
ClI chondrite 58.2 (15%) 698 (15%) 3.5 (10%) 433 (20%)  1.8x10° (10%) 32200 54100 (5%) 544 (5%) 926 (7%) 0.247 (3%) 0.254 (5%) 1

(5%)

Primitive mantle 25 (40%) 30 (40%) 0.075 (50%) 0.007 1080 (20%) 100 200 (40%) 260 (15%) 86 (15%) 0.588 (20%)  0.711 (10%) 2
Primitive mantle 18 (40%) 1.4 (40%) 0.0036 (10%) 0.001 - - 230 (35%) 190 (20%) 66 (20%) 0.46 (40%)  0.54 (20%) 3
Depleted Mantle 65 7.3 0.02 4
Depleted Mantle 11 (41%) 0.51 (18%) - - 116 119 (25%) 60 (28%) 40.7 (10%)  0.21(35%)  0.53 (10%) 5
Depleted Mantle 16 (20%) 1 (50%) - - 142 (60%) 72 (26%) 146 (24%) 100 (20%) 54 0.615 6,7
Bulk Crust 553 244 0.88 0.7 404 14900 570 8 3.6 8
Upper Crust 557 (10%) 370 (100%) 1.6 1.5 (50%) 62 (50%) 23200 (8%) 650 (15%) 12 (9%) 3.9 8
Shale 740 180 20 19 2400 22000 700 11 4.7 9
Pelagic Clay 1300 28 2000 20700 1500 14 7.4 9
Oceans (mol/kg) 68 x 10° 546 x 10° 840 x 10° 450 x 10° 28 x 107 10
Vent fluids (mol/kg)  16-39x10° 30 - 1245 10° 29-1910x 10° 11
Troposphere (ppbv) 1.8 3.6 0.016 0.001 — 385,000 0.7 12

0.002

Bracketed numbers in italics indicate the estimated percentage error in the value, as quoted by the original source.

References:

1 — Palme and Jones, 2003; 2 — Palme and O’Neill, 2003; 3 — Lyubetskaya and Korenaga, 2007; 4 — Schilling et al., 1980; 5 — Salters and
Stracke, 2004; 6 — Saal et al., 2002; 7 - Hofmann, 1988; 8 — Rudnick and Gao, 2003; 9 — Li and Schoonmaker, 2003; 10 — Bruland and Lohan,
2003; 11 - German and Von Damm, 2003; 12 — Warneck (2000).
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1194  Table 3. Estimates of volcanic halogen gas fluxes to the atmosphere.

HF (Tg/a) HCI (Tg/a) HBr (Gg/a) HI (Gg/a)
0.06 - 6 04-11 Symonds et al., 1988. Global volcanic flux.
02-77 Snyder and Fehn, 2002. Global arc flux.
0.7-8.6 1.2-170 2.6-43.2 Halmer et al., 2002. All volcanoes, 1972-2000.
13 (3-40) 0.11 (0.004 - 6.6) Aiuppa et al., 2005. Global volcanic flux.
4-7 Wallace, 2005. Global arc flux.
0.24 5.6 Fischer 2008. Global arc flux.
0.5(x£0.2) 43 (x1) 5-15 05-2 This work, global arc flux.

1195
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Plume measurements of high-temperature halogen to SO, ratios associated with volcanic systems emitting a high SO, flux.

Volcano Mean mass ratio SO, flux™ Method and comments Ref.
HF/SO, HCI/SO, HBr/SO, HI/SO, (Mg day™)

Erebus, Antarctica High-temperature lava lake degassing Intraplate phonolite
December 1986  0.52+0.31  0.90+0.58 21411 Filter pack Zreda-Gostynska et al., 1997
December 1988  0.23+0.08  0.56+0.15 27+9 Filter pack Zreda-Gostynska et al., 1997
December 1989  0.48+0.30  0.92+0.77 52421 Filter pack Zreda-Gostynska et al., 1997

January 1991  0.23+0.13  0.51+0.28 71+20 Filter pack Zreda-Gostynska et al., 1997
1997 0.27+0.08  0.42+0.19 70+10 Chemical traps Wardell et al., 2008
1999 0.34+0.06  0.76+0.10 70+10 Chemical traps Wardell et al., 2008
2000 0.18+0.05  0.45%0.22 70£10 Chemical traps Wardell et al., 2008
December 2004 0.32 0.56 Filter packs Oppenheimer and Kyle,
2008
2004 0.28 0.28 FTIR Oppenheimer and Kyle,
2008
Erta’ Ale, Ethiopia High-temperature lava lake degassing Rift Basalt
March 2003 0.006 0.20 - - 112 Filter packs Allard et al., 2004
October 2005 0.0055+0.0  0.044+0.0 60+15 FTIR Sawyer et al., 2009
002 006
Etna, Italy Open-vent degassing and sporadic flank Intraplate Alkali Basalt
eruptions
2004 0.11 0.49 9x10™ 8x10° Up to >4000 NE crater mean Aiuppa et al., 2005
2004 0.01 0.19 4x10™ 1.3x10° (during Voragine crater mean Aiuppa et al., 2005
eruption)
May 2001 0.035 0.196 - - - NE crater FTIR eruptive plume Burton et al., 2003
0.064 0.385 - - - SE crater Burton et al., 2003
0.124 0.654 - - - SE crater lava flow Burton et al., 2003



July 2001

2000

1997
Sept 1994

Kilauea, Hawaii

2004-2005

Lascar, Chile
2003

Masaya, Nicaragua
2006

2003

Dec 2001

May 2001

April 2001

2000

1998/1999

Miyakejima, Japan

2000/ 2001

0.035
0.034
0.122
0.046

0.031

0.01+007

0.16

0.03
0.01
0.045
0.007
0.079
0.04

0.196
0.196
0.678
0.177
0.19
0.23
0.06
0.32
0.142
0.11-0.19

0.017+0.0
07

0.35

0.17
0.27
0.22
0.310
0.124
0.335
0.34

0.05-0.07

3x10™

3x10°
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- Central craters
1500 Bulk plume

- Valle de Leone fissure
7245 Bulk summit plume

- Bulk equilibrium degassing

- Summit crater

- Lava fountain

- Overflowing lava
5440-5700

FTIR mild activity
5000-6000 Open-vent degassing
Degassing associated with basaltic lava
emission
1500 FTIR, quiescent degassing
High-temperature lava dome fumaroles
2420 Filter packs
High-temperature open vent degassing
650-1700 Filter packs
220 Filter packs
346 Filter packs
- Filter packs and diffusion tubes
346 FTIR before small explosion
950 FTIR
- FTIR

Degassing associated with eruptive
activity which then declined

27000-42000 FTIR June 2000 eruption

Burton et al., 2003
Burton et al., 2003
Burton et al., 2003
Burton et al., 2003
Allard et al., 2005
Allard et al., 2005
Allard et al., 2005
Allard et al., 2005
Francis et al., 1998
Francis et al., 1995

Intraplate Basalt

Edmonds and Gerlach, 2007,

Edmonds et al., 2008.

Arc Andesite
Mather et al., 2004

Arc Basalt
Witt et al., 2008
Mather et al., 2006
Mather et al., 2006
Allen et al., 2002
Duffell et al., 2003
Duffell et al., 2001
Horrocks et al., 1999
Burton et al., 2001
Burton et al., 2000

Arc Basalt

Notsu et al., 2002



Nyiragongo
2005-2007

Popocatépetl
Feb 1997

Sakurajima

1999

Satsuma-lwojima
1996

Soufriere Hills,
Montserrat
1996
1999-2000

Stromboli, Italy
2000-2002
2000-2002
June 1993
July 1994
June 1997

Telica, Nicaragua
2006
Unzen, Japan
1992

Villarrica, Chile
2004
2003
2001

0.007

0.015-0.019

0.02-0.03

0.009-0.015

0.077

0.03

0.02
0.01

0.03
0.07
0.03

0.03

0.11-0.13

0.13-0.18

0.14-0.33

12.63
0.34-6.80

0.38-0.57

0.12-0.23
0.4
0.3
0.3

0.26

0.32-0.81

0.17

0.34
0.22

4x10*

11x10°
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1990-3280

2700-13000

1000-3000

560

40-2000

340
820
170

320

High-temperature lava lake degassing
FTIR

Dome building eruption
FTIR

Degassing associated with ongoing
explosive activity
FTIR persistent activity

High-temperature lava dome fumaroles
FTIR

Dome building eruption

Filter packs
FTIR (higher ratios and fluxes associated
with higher extrusion rate)

High-temperature open vent degassing
FTIR, quiescent degassing
FTIR, during explosions
Filter packs, medium eruptive activity
Filter packs, high eruptive activity
Filter packs, low eruptive activity

Fumarolic degassing around filled crater
Filter packs
Dome building eruption
FTIR

High-temperature open vent degassing
Filter packs
Filter packs
Filter packs

Intraplate Alkali-Basalt
Sawyer et al., 2008

Arc Andesite
Love et al., 1998

Arc Andesite

Mori and Notsu, 2003

Arc Rhyolite
Mori et al., 2002

Arc Andesite

Allen et al., 2000
Edmonds et al., 2001, 2002

Arc Basalt
Burton et al., 2007
Burton et al., 2007
Allard et al., 2000
Allard et al., 2000
Allard et al., 2000

Arc Andesite
Witt et al., 2008
Arc Dacite
Mori et al., 1993

Arc Basalt
Shinohara and Witter, 2005
Mather et al., 2004
Witter et al., 2004
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Yasur, Vanuatu High-temperature open vent degassing Arc Andesite
2005 - 0.28 - - - FTIR, quiescent degassing Oppenheimer et al., 2006
2005 - 0.02 - - - FTIR, during explosions Oppenheimer et al., 2006

" SO, fluxes are only quoted when measurements were available made at the same time as the ratio measurements; or when long-term averages
based on multiple measurements were available (Erebus, Kilauea).
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Table 5. Estimates of averaged halogen: sulphur dioxide mass ratios for arc volcanoes.

Geometric mean
SO,-flux weighted mean

HF/SO,
0.036 (+0'014/-o.01)
0.039

HCI/SO,
0.29 (+0.06)
0.33
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1215  Figure 3.
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