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Abstract

The uptake of halogen and nitric acids into acidic sulphate particles has important implications for
volcano monitoring and the environmental geochemistry of volcanic emissions. Using the Extended
Aerosol Inorganics Model (E-AIM) for HCI, HBr and HNOs;, combined with a simple three-parameter
model for HF and HI, we show that equilibrium partitioning of halogen and nitric acids into sulphate
particles is maximised at high relative humidity (RH), low temperature, low plume dilution (i.e., near-
source) and high SO,*/S0,. The addition of metal chlorides (i.e., NaCl) enhances acidic gas
partitioning at high RH, but diminishes acidic gas partitioning at low RH due to a decrease in the
water content of particles and the formation of Na sulphate salts. We predict that acidic gas
partitioning is quantitatively significant (>1%) only in cool humid conditions (e.g., >80% RH at 298
K), adding confidence to spectroscopic and/or electrochemical determinations of gas ratios (e.g.,
SO,/HCl, HCI/HF) for volcano monitoring. However, acidic gas partitioning remains environmentally
important over a wide range of conditions because of the significant variability in the amounts of
acidic gases in particle form (Cl'(aq), Br'(aq), I'(aq), NOs'(aq), HF(aq)). This may result in diurnal and

seasonal changes in acidic gas deposition downwind of the volcano.

Keywords: volcanic plume, equilibrium model, masaya, E-AIM
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1 Introduction

Active volcanoes are a major source of gases and particles to the atmosphere. A significant
contribution to global volcanic emissions comes from persistent degassing from volcanoes such as Mt
Etna (Sicily) and Masaya (Nicaragua). The activity at these volcanoes is characterised by the
sustained emission of volatile species (forming a quiescent volcanic plume) punctuated by sporadic
and typically minor eruptions. Volcanic gases are composed of > 90% H,0 and CO,, and < 10% SO,,
HCI and HF, with smaller and variable amounts of H,S, H,, CO, HBr and HI (Gerlach, 2004; Pyle and
Mather, 2009). A common feature of quiescent volcanic plumes is micron-sized sulphate particles,
with compositions between the acidic (e.g., H,SO,) and metal-rich (primarily (Na,K),SO4) end-

members (e.g., Mather et al., 2003; Martin et al., 2011) at a molar abundance of SO42’/SOZ ~0.01.

The uptake of halogen acids (HF, HCl, HBr, HI) into sulphate particles has wide implications in
volcanology. The magmatic SO,/HCI gas ratio plays an important role in eruption forecasting and in
understanding volcanic degassing (e.g., Horrocks et al., 1999; Duffell et al., 2003) due to the SO,/HC1
ratio decreasing as the magma becomes more degassed. However, the magmatic SO,/HCI ratio may
be overprinted by preferential HCI uptake into sulphate particles. More generally, if uptake into
particles is significant, volcanic emissions of F, Cl, Br and/or I (Pyle and Mather, 2009) may be
underestimated if the gas and particle phases are not monitored together (as is often the case). Recent
measurements indicate ~1% of total HCl and HF are taken up into particles within the first few

minutes after emission (e.g., Mather et al., 2006a; Martin et al., 2008, 2010).

The uptake of halogen acids into particles is also environmentally important because particles have a
greater potential for deposition than gases, with the rate of sedimentation increasing with particle size.
In fact, uptake may control the extent of local deposition for halogen acids since volcanic plumes tend
to be emitted and transported at altitudes above the elevation of the surrounding land. At Mt Etna
(Sicily), significant airborne concentrations of particles were measured ~2 km below the plume (Allen
et al., 2006), consistent with a number of studies measuring or inferring deposition onto the volcano’s

flanks (e.g., Aiuppa et al., 2006; Bellomo et al., 2007; Watt et al., 2009). At Masaya volcano
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(Nicaragua), the environmental impacts of deposition include acidification of soils and a decrease in
vegetation health and diversity (e.g., Delmelle et al., 2002). Uptake may also influence local
atmospheric chemistry, due to the enhanced rates of chemical reactions within, or on the surface of,
particles. Of special interest is the autocatalytic bromine explosion, which results in the production of
reactive Br species (e.g., Br, BrO) and rapid O; depletion (Oppenheimer et al., 2006; von Glasow,

2010).

In contrast to the halogen acids, nitric acid (HNO;) is not thought to be a primary magmatic emission
(Mather et al., 2004). Equilibrium models predict that NO is produced when atmospheric N, and O,
are heated to > 1000°C at the vent (Gerlach, 2004; Martin et al., 2006). The minor amounts of NO,
and HNO; formed under such conditions cannot explain measurements of high HNO;/SO, (e.g., 0.02
at Masaya (Nicaragua), 0.05 at Etna (Sicily), Mather et al., 2004; 0.03 at Erebus (Antarctica),
Oppenheimer et al., 2010). Instead, it is supposed that NO is oxidised rapidly to HNO; at ambient
temperature in the volcanic plume (Roberts et al., 2009; Boichu et al., 2011), although the mechanism
for this process remains unclear. In any case, HNO; uptake will likely promote N deposition and this

may be important in N-limited ecosystems (Huebert et al., 1999).

The equilibrium limit of uptake is defined by “partitioning”, which may be calculated without
reference to any time-dependent (i.e., kinetic) processes. While the thermodynamic Extended Aerosol
Inorganics Model (E-AIM; Carslaw et al., 1995; Clegg et al., 1998; Wexler and Clegg, 2002) has been
used to predict the equilibrium composition of volcanic aerosol on a case-by-case basis (e.g., Mather
et al., 2004; Oppenheimer et al., 2006; Martin et al., 2008; Roberts et al., 2009; Martin et al., 2010),
the general features of acidic gas partitioning into acidic sulphate particles have yet to be established.
In this study we use E-AIM to investigate the extent of HCI, HBr and HNO; partitioning over a wide
range of atmospheric (i.e., relative humidity, temperature) and plume (i.e., dilution, composition)
conditions. A simple three-parameter model is used to extend these results to HF and HI partitioning.

The effects of dissolved Na* ions on HCI partitioning are also investigated. These results offer new
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insights into the uptake of halogen and nitric acids into acidic sulphate particles, and we discuss a

range of implications for volcanology and the environmental geochemistry of volcanic emissions.

2 Methodology

2.1 The equilibrium assumption

Particles in quiescent volcanic plumes are mostly secondary in origin (i.e., non-silicate) and are
formed in different temperature regimes (Oskarsson, 1980). The mixing of magmatic and atmospheric
gases at the vent (> 700°C) results in cooling and condensation of metal salts (e.g., NaCl, KCI, CaCl,,
MgCl,, with smaller amounts of the corresponding fluorides; e.g., Symonds et al., 1992; Symonds and
Reed, 1993). Additionally, ~1% of SO, is oxidised to hygroscopic SOz by atmospheric O, at the vent
(Mather et al., 2006b). With further cooling (< 338°C), SO; reacts with H,O to form gas-phase H,SO,,
and subsequently droplets of H,SO,. The composition of particles measured at the crater-rim will
reflect not only the initial amounts of metal salts and H,SO,, but the extent of internal mixing between
these types of particles, and the interactions between particles and gases (e.g., H,O, HF, HCI, HBr,
HI, HNOs;). The dynamics of this sequence are, of course, hugely complex, with significant potential
for non-equilibrium. Due to the extreme hygroscopicity of H,SO,, along with the high abundances of
gas-phase H,SO,4 and H,0, binary homogenous nucleation of H,SO, and H,O may occur, in addition
to the heterogeneous nucleation of H,SO, onto metal salts. Single particle analyses (e.g., Ammann
and Burtscher et al., 1990; Ammann et al., 1993; Toutain et al., 1995; Martin et al., 2008; Moune et
al., 2010) show a range of compositions indicating that internal mixing is neither negligible nor
complete. Thus, while local equilibrium may be established between gases and particles over
timescales as short as a few seconds (Wexler and Seinfeld, 1992), the overall gas and particle

composition may remain out of equilibrium.

E-AIM (along with other aerosol thermodynamic models, e.g., ISORROPIA II, Fountoukis and
Nenes, 2007) assumes simply that particles are at equilibrium with their surroundings, exist as an

internal mixture, and are sufficiently large (> 0.1 um) that they behave as bulk solids or liquids (i.e.,
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the Kelvin effect is negligible). Despite these simplifications, thermodynamic calculations are
valuable because they allow the influence of different variables (e.g., temperature, relative humidity,
input composition) to be established. Furthermore, if equilibrium has not been attained at the crater-
rim, equilibrium may be attained further downwind. It is in these older quiescent plumes that rapid
heterogeneous oxidation processes (e.g., the bromine explosion) are thought to occur (e.g.,
Oppenheimer et al., 2006, 2010; Bobrowksi et al., 2007; Roberts et al., 2009; von Glasow, 2010) so

our results have wider relevance.

2.2 Modelling

The variants of E-AIM used are E-AIM1 (Carslaw et al., 1995), which considers the H* - SO, - NO5
- CI' - Br" - H,O system over 200 to 330 K, and E-AIM3 (Clegg et al., 1998), which considers the H" -
Na* - SO, - NO; - CI' - H,0 system at 298.15 K. Both variants calculate the equilibrium

composition for a given relative humidity (RH), temperature (7) and input composition.

Our “standard” input composition is based on a mean of 13 gas and particle analyses made at the
crater rim of Masaya volcano (Nicaragua) during a period of quiescent degassing (Martin et al., 2010)
(Table 2, n;; in pmol m'3). SO,* and HSO, were not distinguished during the chemical analysis so the
sum of these ions is represented by ngo-aqs) in Table 2. This data set was chosen as it is one of the
few simultaneous measurements of halogen and nitric acid gases and particles in a quiescent volcanic
plume. The total amount of each ion was fixed (i.e., mass balanced) using measurements of the most
abundant species for CI’, Br’, NO;™ and SO~ (MHCIg) MHBr(2)y MHNO3(g)s 11S042-(ag,s); 1N MOl m> of air). K¥,
Ca’* and Mg”* are not considered within E-AIM3 so these ions were entered as “equivalent” Na* (i.e.,
NNa+*(aqs) = MNa+(ags) T MK+ags) T 2AMe2+(aqs) T 2MCa2+(aqs); Moya et al., 2001). npiaqs) Was entered to
balance charge. E-AIM considers only the most major gas and particle species of each ion (i.e.,
H,0(g), HCI(g), HBr(g), HNOs(g), CI'(aq), Bri(aq), NOs(aq), SO.*(aq), HSO4(aq), H'(aq) in E-
AIM1; H,0(g), HCl(g), HNOs(g), Cl'(aq), NO5'(aq), SO42’(aq), HSOy (aq), H(aq), Na+*(aq) and salts
of Na* in E-AIM3). Minor species, such as the associated aqueous forms (H,SO4(aq), HCl(aq),

HBr(aq), HNO;(aq)) and the extremely hygroscopic H,SO4(g), are not considered within E-AIM.
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The variables to be investigated within E-AIM1 are: (1) relative humidity, (2) ambient temperature,
(3) the amounts of SO, and halogen and nitric acids (reflecting differences in SO; production at the
vent, and differences in the magmatic gas composition) and (4) plume dilution. The variables to be
investigated within E-AIM3 are: (1) relative humidity and (2) the amount of Na* (as a proxy for a
wider range of metal ions). Results are independent of the total atmospheric pressure because at fixed
temperature RH defines the partial pressure of H,O (puo(e); in atm) and the input composition defines

the partial pressure of HCI, HBr and HNOj3 (puci(g), PrBre) and prnos(e); 1n atm).

We also use a three-parameter model for equilibrium partitioning (e.g., Mather et al., 2003), which
considers non-dissociative dissolution of gas (HX) (i.e., Henry’s law, Ky.x; E1A) and the subsequent
dissociation into ions (i.e., acidity constants, Kx.x; E1B). The concentrations of aqueous species are
defined by activity (a;; in mol dm™), while the concentrations of gaseous species are defined by partial
pressure (p;; in atm). The total concentration of X in the particles is defined by axauq) (i.€., ax.aq) +
anxaq) (E2). Literature values of Ku.x and Ky.x are given in Table 1. The three-parameter model
shows that axq increases with increasing Kux and Ky.x, and decreases with increasing dpg). In

other words, acidic gas partitioning will decrease as the particles become more acidic.

R1A HX(g) = HX(aq) E1A Ky = X (aq)

" Puxg
R1B HX(aq) = H+(aq) + X'(aq) EIB K .= AH+(aq) FX~(aq)

AX
AHx (aq)
a K .
E2 Axeq _ Koy (1 4+ Bax J
DPux A ag)

The complexity of the E-AIM model does not allow for a full uncertainty analysis although the
uncertainty in the outputs will depend on the uncertainty of the thermodynamic database (Wexler and
Clegg, 2002). In general, validation of E-AIM (and other aerosol thermodynamic models) is
performed by comparison with field or laboratory measurements over a range of conditions (e.g., Yao
et al., 1999; Wexler and Clegg, 2002; Clegg et al., 2008). The uncertainty within the three-parameter

model (E2) can be considered within different regimes: (1) Kax/auiaq) < 1 and (2) Kax/auiag > 1.
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The uncertainty in E2 is therefore equal to the uncertainty on Kyx or on the product Ka.xKp.x
(respectively). For strong acids, the product Ka.xKy.x is much better constrained than either K,.x and
Ku.x alone (i.e., there may be 1-2 orders of magnitude uncertainty on Ka.x and Ky.x) because
measurement of K,.xKu.x does not require determination of duxgq) (0nly Pux(e)» 0x-aq aNd GHiag))-
Many more minor halogen species (e.g., Bri(aq), Cly(aq), Ir(aq), BrCl(aq), Br,Cl'(aq), I5'(aq),
(HF),(aq)) are not considered within the three-parameter model. Calculations of axq/Pux() are

therefore lower limits to the true axq/Prx() since only agxq) and ax g are considered.

3 Results and Discussion

E-AIM1 was used to estimate the equilibrium composition of volcanic aerosol as a function of RH for
the standard input composition at 298 K. Results for equilibrium amounts (n;; in mol m™ of air) and
concentrations (c;; in mol dm™ of solution) of aqueous species are shown in Figure 1. By absolute
amount, the most important change with increasing RH is increasing noq), resulting in dilution of
the aqueous phase and an increase in particle size. The responses of different chemical equilibria to
dilution result in complex compositional changes. H" and HSO,  are the most abundant ions at low
RH and exist in approximately equal amounts. Dilution of the aqueous phase promotes the
dissociation of HSO, into SO,> and H' although the net effect is decreasing cu.uq (and thus

increasing pH) with increasing RH.

The extent of HCI partitioning, which is represented by nci.(xq), 1S quantitatively minor (<1% of initial
Nici) below 80% RH but near-complete (>95%) above 95% RH (Figure 1). The increase in HCI
partitioning above 80% RH (which we denote RH,;) reflects Cl'(aq) becoming the most abundant
anion (i.e., Nci.aq) > Nso42-aq) + MHsO4-ag))- The significance is that changes in ncy..q) may now influence
NoGag), OF equivalently, that particle hygroscopicity is controlled by HCI rather than H,SO,. In this
regime, nci.aq) and nmoag both increase with RH, allowing a large change in ncy.q) for only a small
change in ccig. Eventually, the increase in nmong) €xceeds the increase in ncpq) as the supply of
HCI(g) is exhausted, resulting in decreasing cci.qq. The similarity between trends in HCl and HNO;

partitioning (i.e., nno3-ag) above RH. reflects the influence of HCI on nuyong), While the differences
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at low RH reflect greater Ky.x for HNO; than HCI. HBr partitioning (i.e., 7g.ag)) Occurs more readily
than HCI or HNO; partitioning, being minor below 60% RH and near-complete above 85% RH. Thus,
at low RH, ng..(aq/nci-@aq 18 greater than initial npgy/nucie) (and, equivalently, initial puprey Pucie))
implying a relative enrichment of the particle phase with Br. These differences reflect the greater
acidity of HBr than either HCl or HNO; (Table 1), which allows for HBr partitioning into the highly
acidic particle phase present below RH.;. The increase in nuouq at RHey has little effect on ngy.ag),

which is already close to its maximum value (defined by initial nyg;()).

E-AIMI calculations were also made at 283 K and 313 K (Figure 1). The 283 K - 313 K temperature
range was chosen because it is centred on 298 K (allowing comparison of results between E-AIM1
and E-AIM3) and spans the range of ambient temperatures recorded at Masaya (e.g., Mather et al.,
2003, 2006). Below RH.si, Nci(ag), MBr-aq) ANd Mino3-aq) decrease by a factor of 10 between 283 K and
313 K, with the direction of the trend being consistent with the exothermic nature of the process (i.e.,
the sum of R1A and R1B). nci.aq) and nnos.aq) are even more sensitive to temperature around RH.y,

because RH,; itself increases with temperature.

To investigate the different influences of (input) SO,> and HCI on acidic gas partitioning, E-AIM1
calculations were made for the standard input composition at 298 K, with initial 7504-(aqs) =0, 0.2, 2,
20 pmol m> (Figure 2A), and separately, with initial nyci)=0, 40, 400, 4000 pmol m> (Figure 2B).
For simplicity, only nci.uq and nmoaq are shown in each Figure. Figure 2A (i.e., variable SO42')
shows that below RHi, both npyoq) and ncig) are proportional to S0,%, hence RH,; is independent
of SO42’. Above RHcit, Nerag 18 independent of SO42’, consistent with particle hygroscopicity being
controlled by HCl rather than H,SO,, Figure 2B (i.e., variable HCI) shows that decreasing HCI results
in increasing RH.;, since a higher RH must be reached before Cl'(aq) becomes the most abundant
anion. Consistent with our interpretation, nuong increases with HCl1 above RH.;, but is independent
of HCI below RH.;. An additional calculation was made for the standard input composition with

initial nycie) = NHBrE) = MaNO3E = 0 Wmol m™. Here, Nm0oG@q) Was similar to nmonq) calculated for the
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standard input composition with initial 72pcye=0 (wmol m”, indicating that neither HBr nor HNOj; have

a significant influence on nuoq)-

Plume dilution has the effect of decreasing SO,> and HCI together. To investigate this influence on
acidic gas partitioning, E-AIM1 calculations were made with D/D, = 0.1, 1, 10, 100 (where Dy is the
dilution at the crater rim) and the standard input composition at 298 K (Figure 2C). Input
concentrations are proportional to D', except Pmoag» Which is fixed by RH. We assume that the
aerosol volume within the background atmosphere is negligible. Below RH.y, 7120(q) 18 proportional
to SO,> (Figure 2A) and hence proportional to D™, In contrast, NClag) 18 proportional to D, because
both nuo@eg) and nux() are proportional to D', Thus, a 10-fold plume dilution (D/Dy=10) results in a
10-fold decrease in npoaq) and a 10-fold decrease in nycy), resulting in a 100-fold decrease in n¢y.(ag)-
These factors affect RHci S0 nciaq) 18 highly sensitive to D around RH,.. A limitation of the model is
that as D/D, increases, SO, tends to zero, rather than the true atmospheric background, resulting in

an underestimate of partitioning at high D/D,.

E-AIM3 was used to estimate the equilibrium composition of volcanic aerosol as a function of RH
and equivalent Na** (MNa*s+(ag,s)» 1.€., the total amount of Na*" in the aqueous and solid phases) for the
standard input composition at 298 K. Calculations were made by introducing equal amounts of Na**
and Cl, simulating the addition of NaCl to acidic sulphate particles (e.g., Oskarsson, 1980). Results
for equilibrium amounts of aqueous species and salts are shown in Figure 3. Equilibrium amounts of
Na-sulphate salts (NaHSO4.H,0, Naz;H(SO,),, Na,SO,4) are summed and shown as “other Na*(s)” on
Figure 3. The system shows complex behaviour because of salt formation. At low RH (e.g., 50%),
increasing Nnasaqs) results in decreasing nmogag)y Mgy Aciag aNd 7NNos.ag. Further increases in
NNa*+(aqs) TeSUlt in the crystallisation of less hygroscopic Na-sulphate salts rather than aqueous
solutions. The net result is that HCI partitioning decreases with increasing 7ina«qs) due to a decrease
in the water content of the particle, and only increases when all SO,> has been associated with Na**
and NaCl forms (i.e., the stable assemblage is Na,SO4 + NaCl). HNOj; partitioning does not increase

with increasing nng+.qs) because no Na-nitrates are formed (although these are considered within E-
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AIM3). In contrast, at high RH (e.g., 75%), increasing ning«.(aq,s) results in increasing nmocq)s Mci-(ag)s
NNO3-ag) and decreasing np,q. No salts are formed under these conditions as RH exceeds the
deliquescence RH (DRH) of all salts formed at lower RH (i.e., Na-sulphates, NaCl). The decreasing
Nu+aq) reflects the volatilisation of HCI, shown by the initially greater increase of 7inai(aq) than nciqg)
with increasing niNgsaq,s)- We suggest that HBr (not considered within E-AIM3) and other acidic gases

will show similar trends to HCI and HNO;.

Figure 4 shows calculations for HCI, HBr and HNOjs partitioning, expressed as axq/Pux(), from the
three-parameter model (E2). Also shown are calculations for HCI, HBr and HNO; partitioning from
E-AIMI1. A good agreement is found between results from the three-parameter model and E-AIM1,
and the non-consideration of HBr(aq) and HCl(aq) within E-AIM1 appears justified in the case of
highly acidic sulphate particles. However, HNO; partitioning into acidic sulphate particles may be
underestimated within E-AIM1 because HNO;(aq) is not considered (only NOs'(aq)). In the three-
parameter model, axqq/pux for HNOj; stabilises above Ka.nos (corresponding to below ~60% RH)
because HNOs(aq) is present in greater abundance than NOj;'(aq). We may speculate that HNOs(aq)
was not included within E-AIM1 because HNOj(aq) is unstable in other less acidic atmospheric
aerosols. Hence, while the uncertainties on axq/Pux() within E-AIM1 for HCI and HBr are small and
only relate to the uncertainties on the product K,.xKu:x, the uncertainties on axgq/pux) for HNO; (at
low RH) are potentially much larger. However, since NO; is a minor component of the particle phase
in volcanic emissions (e.g., Table 2), underestimation of axq/pPuxe for HNO; is unlikely to

compromise E-AIM results for other species.

HBr and HI partitioning (Figure 4) are predicted to be similar in terms of dxq/pux) due to the
similarity in the product Ky.xKa.x (Table 1). This result suggests that an estimate of 7ny.,q can be made
by substituting HI for HBr within the E-AIM1 model and calculating npug as ngr@g. This
approximation is justified because the differences in the activity coefficients (y) of Br'(aq) and I'(aq)
are small over a wide range of conditions (e.g., Hamer and Wu, 1972; Brimblecombe and Clegg,
1988) and because HBr has no influence on npouq (Figure 2B). Within the three-parameter model,

HF partitioning is predicted to be independent of ay, over a wide range of RH (<99%) because
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HF(aq) is more abundant than F(aq) in acidic particles. npgruq can be estimated from EIA,
substituting ayrug= Yurag/V, Where V is the aerosol volume, and pure= Siure:0 - MHF@g), Where
Nuro 18 initial nyre (Table 2) and B is the conversion factor between 1 atm and 1 mol m™ at 298 K.
This approximation (E3) assumes that HF partitioning influences neither V nor the activity of other
components of the particle phase, and is justified if nypuq) remains a minor component of the particle
phase. HCI, HBr and HI have large y at low RH (> 100), while HF has a small y at low RH (e.g., < 1),
which would promote uptake according to E3.

Figure 4 shows estimates for HI partitioning (assuming Y= Yus;) and HF partitioning (assuming
Yur=1) into volcanic aerosol as a function of RH for the standard input composition at 298 K. HCl,
HBr and HNO; partitioning are shown for comparison. At low RH, the extent of HF partitioning is
greater than that of the other halogens, which have small Ky.x but large K.x. Increasing RH has little
influence on HF partitioning until RH.; is reached, when V increases significantly, causing an
increase in npreq. Within the approximation, HI and HBr partitioning are proportional over all RH.
This simply reflects the constancy of the ratio axqq/pPux (E2) with fixed dpig). These results

indicate that at low RH, the particle phase is enriched in F, and to a lesser extent Br and I, relative to

the gas-phase composition (Table 2).
33 Implications for volcanology and environmental geochemistry

In summary, the equilibrium partitioning of acidic gases into acidic sulphate particles is maximised at
high RH and low temperature, in near-source (i.e., less dilute) plumes with high SO,*/SO, The
addition of NaCl enhances acidic gas partitioning at high RH, but diminishes acidic gas partitioning at

low RH due to the formation of Na-sulphate salts.

HCI partitioning is predicted to exceed 1% of total HCI at ~80% RH and be near-complete (>95%)

above 95%, indicating that spectroscopic or electrochemical measurements of magmatic gas-phase
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SO,/HCI from the crater-rim are robust below 80% RH. At higher RH, HCI partitioning may result in
erroneously high measured SO,/HCI ratios. This effect is intensified by the fact that high RH is often
associated with lower temperatures (e.g., at night-time). Burton et al., (2001) reported an apparent loss
of 38% HCI to the particle phase, by comparison of SO,/HCI ratios in the day-time (302 K, 42% RH,
using solar occultation FTIR spectroscopy) and the night-time (292 K, 93% RH, using lunar
occultation FTIR spectroscopy). While their model for HCI partitioning was incomplete (i.e., H,SO4
was not considered), our modelling results support their conclusions that the difference in SO,/HCI
may be explained in terms of HCI partitioning. HNO3;, HBr and HI are not measured routinely in the
field, although partitioning is also predicted to be significant above ~80% RH. These results should be
taken into account when planning measurement strategies or when interpreting data from continuous

gas monitoring.

Over a wide range of atmospheric conditions acidic gas partitioning has negligible influence on gas-
phase concentrations, €.8., Pucie)» PHBr(e)» PHi)» PuN03e and pure). However, a small change in
temperature and/or RH may significantly affect the amounts of particle forms of acidic gases, e.g., nc.
(aq)» MBr-(aq)> Mi-(aq)> INO3-(aq) AN Mr(aq). This would result in increased acidic gas partitioning in the night-
time, when temperatures are typically lower and RH higher, consistent with clear diurnal trends in n¢,.
aq at Masaya (Mather et al., 2003). Furthermore, since particle size also increases at high RH due to
water uptake (e.g., Figure 1), the rate of acidic gas deposition would be expected to increase during
the night-time. Equally, as RH is high during the wet season (April - October), acidic gas deposition
may be enhanced at certain times of the year, which may impact negatively on seasonal crop growth
(e.g., Delmelle et al., 2002). This seasonal influence is potentially shown by measurements of n¢y.(aqs)
at Masaya, which were lower than background in March/April (in 2007, 2009 and 2010; Martin et al.,
2011), and higher than background in December (2001; Mather et al., 2003). Our results indicate that
the relative rates of deposition of HF, HCI, HBr, HI and HNO; (in particle form) may differ from the
relative abundances of the gases, due to increasing partitioning of HF, and to a lesser extent HBr and

HI, relative to HCI at low RH. In contrast, at high RH the relative rates of deposition will more
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closely mimic the relative abundances of the gases. This is exploited by studies using rainwater

chemistry as a direct proxy for magmatic gas composition (e.g., Aiuppa et al., 2006).

Within the internal mixtures considered in this study, particles are dominated by SO,* or HSO,
below 80% RH and by CI" above 80% RH. HCI partitioning below 80% RH is inhibited due to the
acidity of the aerosol. Alternatively, particles in different size fractions may be compositionally
distinct (i.e., an external mixture), with only particles in the same size fraction forming an internal
mixture (e.g., Mather et al., 2004; Martin et al., 2011). This may enhance acidic gas partitioning as
acidic gases interact preferentially with the less acidic particles within the size distribution. While
halogen and nitric acids do not react directly with water to form CI-rich aqueous particles (except
above 80% RH, although even this may be hindered by the slow rate of homogenous nucleation), CI'-
rich particles may be stable at any RH by salt formation. Requirements for a “stable” size distribution
with enhanced acidic gas partitioning (i.e., greater overall C1/SO,> than predicted for a fully internal
mixture) are therefore a size separation of H" and CI’, and a size association of Cl" and metal ions.
These conditions appear to be met in the case of Masaya, where particle size measurements indicate a
fine mode of Na'-K*-H*-SO,” and a coarse mode of Mg**-Ca’>*-CI-F (e.g., Mather et al., 2003;
Martin et al., 2011), with overall n¢y.(aqs/Ms042-aqs) = 0.2 (Table 2). In contrast, while particle size
measurements at Villarrica volcano (Chile) (Mather et al., 2004) indicate a size association between

H', SO,* and CI’, overall NCl-(ags)/Ns042-(ags) (= 0.006) is much lower than at Masaya.

Our results also have implications for physical and chemical processing in volcanic plumes.
Entrainment of air into the plume and dilution results in decreased aerosol volume (assuming that the
background aerosol volume is negligible) and decreased gas concentrations, which would promote
evaporation of halogen and nitric acids from the particles. Further complexity is introduced by the
dependence of partitioning on temperature and relative humidity. These factors may inhibit or
promote heterogeneous chemistry under certain conditions. In any case, it is likely that the
partitioning of halogen and nitric acids may have a strong spatial and temporal variation. Our results
are important because they establish the intrinsic thermodynamic influences on plume evolution.

Furthermore, as only a few processes are considered, the results offer an insight into plume evolution



333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

Page |14

in the absence of the more complex chemistry considered within ambient temperature model studies
(e.g., Roberts et al., 2009; von Glasow, 2010), or suggested from field measurements (e.g., SO,

oxidation at ambient temperature; Oppenheimer et al., 2010).

4 Conclusions

The uptake of halogen and nitric acids into acidic sulphate particles is a fundamental process with

wide implications in volcanology and the environmental geochemistry of volcanic emissions.

Using the thermodynamic Aerosol Inorganics Model (E-AIM; Wexler and Clegg, 2002) for HCl, HBr
and HNO;, combined with a simple three-parameter model for HF and HI (e.g., Mather et al., 2003),
we show that the equilibrium partitioning of halogen and nitric acids into acidic sulphate particles is
maximised at high relative humidity and low temperature, in near-source (i.e., less dilute) volcanic
plumes with high SO,*/SO,. The addition of NaCl enhances acidic gas partitioning at high RH, but
diminishes acidic gas partitioning at low RH due to a decrease in the water content of the particles and
the formation of Na-sulphate salts. We predict that acidic gas partitioning into acidic sulphate
particles is quantitatively significant (>1%) only in cool humid conditions (e.g., > 80% RH at 298 K),
adding confidence to spectroscopic and/or electrochemical determinations of gas ratios (e.g.,
SO,/HCI, HCI/HF) for volcano monitoring. Over a wider range of atmospheric conditions, acidic gas
partitioning remains environmentally important because of significant changes in the amounts of
particle forms of acidic gases, e.g., HF(aq), Cl'(aq), Br'(aq), I'(aq) and NOj (aq). This influence may
result in increased rates of acidic gas deposition during the times of increased RH, such as the night-

time and during the wet season.

Despite the inherent limitations of the equilibrium assumption (i.e., is equilibrium attained over an
appropriate timescale?) and parametric modelling (i.e., are variables independent?), our results are
important because they establish the intrinsic thermodynamic influences on plume evolution. These
influences are complementary to the kinetic influences (i.e., chemical reactivity, dispersion)

considered within more complex models of ambient temperature plume evolution.
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470 TABLE1

471 Henry’s law (Ku.x) and acidity (Ka.x) constants for the halogen and nitric acids. Ky was calculated

472 from values of KyxKax (Brimblecombe and Clegg, 1988) and Kax (Greenwood and Earnshaw,

473 1997).
K" KA KuuxKax"
Species
(mol dm™ atm™) (mol dm™) (mol* dm® atm™)
HNO; 9.6 x 10° 2.5% 10 25% 10°
HF 9.6 x 10° 1x10° 9.6 x 10’
HCI 20x 10" 1x 10 2.0x% 10°
HBr 1.3x 10° 1x10° 1.3 x 10’
HI 2.5% 107 1x 10" 2.5%10°
474

475 TABLE?2

476  Gas and aerosol composition for Masaya volcano (Nicaragua) (Martin et al., 2010). The standard

477 composition for E-AIM was defined by the values in bold (i.e., HNO;, HCI, HBr, S0,* and Na*+)

Gas  Concentration | Particle Concentration
phase (umol m™) phase (umol m™)
ns02(g) 400 RS042-(aq,s) 2

NHNO3(g) 0.2 7INO3-(aq,s) 0.03
NHE(g) 60 NE-(aq.s) 0.1

Nycig) 400 NCl(agq,s) 0.4
NHBr(g) 0.1 NNa+(ag,s) 2
MHI(g) 0.005 NNa*+(aq,s) 3

478

479
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FIGURE 1

E-AIM1 results for the equilibrium amounts of selected aqueous species (n;; in mol m™ of air) for the
standard input composition at 283 K, 298 K and 313 K. Also shown are the equilibrium
concentrations (c¢;; in mol dm? of solution) of all aqueous species considered at 298 K. RH,; is

indicate by a vertical dashed line.
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487  FIGURE 2A

488 E-AIMI1 results for neiug and npoeg) (mol m’3) for the standard input composition with initial 7go4,.

489  (,49=0,0.2,2,20 umol m” at 298 K.
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490

491  FIGURE 2B

492 E-AIM1 results for nciug and npo@g (mol m’3) for the standard input composition with initial
493 nucie=0, 40, 400, 4000 umol m™ at 298 K. An additional calculation was made with initial NHCIe) =

494 NHBr(g) = NHNO3(g) = 0 },Lmol 1'1'1>3 at 298 K (i.e., SO42> Only).
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E-AIMI1 results for ncig and nmoeg (mol m’3) for the standard input composition with dilutions

(DIDy) of 0.1, 1 and 10 at 298 K.
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FIGURE 4

Three-parameter model results for equilibrium ax.q/pPrx(e) (With axag=ax-aq+ Auxaq) for the standard
input composition at 298 K, using parameters in Table 1. Equivalent results from E-AIM]1 for Cl, Br
and NO; are shown with the approximation that apxq=0. Also shown are results for nci g MBr-(aqg),
7INO3-(ag) (1N Mol m” of air) from E-AIMI1 for the standard input composition at 298 K, as a function of

the relative humidity. nurnq and niq are estimated as described in the text.
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