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Abstract – Measuring Hg/SO2 ratios in volcanic emissions is essential for better apportioning the volcanic contribution to the global Hg atmospheric cycle. Here, we report the first real-time simultaneous measurement Hg and SO2 in a volcanic plume, based on Lumex and MultiGAS techniques, respectively. We demonstrate that the use of these novel techniques allows the measurements of Hg/SO2 ratios with a far better time resolution than possible with more conventional methods. The Hg/SO2 ratios in the plume of F0 fumarole on La Fossa Crater, Vulcano Island spanned an order of magnitude over a 30 minute monitoring period, but was on average in qualitative agreement with the Hg/SO2 ratio directly measured in the fumarole (mean plume and fumarole ratios being 1.0910-6 and 2.910-6, respectively). The factor 2 difference between plume and fumarole compositions provides evidence for fast Hg chemical processing the plume. 
1. Introduction

Among the many trace metal volatiles emitted by quiescent and erupting volcanoes, mercury (Hg) is one of the most environmentally-significant due to its potential harmful effects on biological systems [Mason, et al., 1994]. The complex speciation and atmospheric chemistry of this reactive element [Lin and Pehkonen, 1999] make Hg more difficult to measure than some other trace metal species leading to significant uncertainties in the global volcanic inventory [Nriagu and Becker, 2003; Pyle and Mather, 2003; Varekamp and Buseck, 1986]. The evaluation of the volcanogenic contribution to the global mercury atmospheric budget requires the measurement of all the relevant Hg species in volcanic fluids and their ratio with co-emitted SO2 so that Hg emissions can be scaled to the relatively well-constrained SO2 budget [Andres and Kasgnoc, 1998]. With this aim, Hg/SO2 ratios have been measured in either fumarolic condensates (the acidic solutions produced by total condensation of fumarolic gases; [e.g., Nakagawa, 1999]) or in volcanic plumes (the atmospheric dispersion of volcanic emissions from fumaroles, explosive eruptions or lava surfaces; [e.g., Varekamp and Buseck, 1981]); while measurements in high-temperature “truly-magmatic” fluids are relatively rare [Taran, et al., 1995]. Data from both condensates and plumes have been integrated in recent attempts to assess the volcanic Hg source strength on a global scale [e.g., Nriagu and Becker, 2003], but the extent to which they provide consistent Hg compositions for the same volcanic system has not previously been demonstrated. Indeed, since fumarolic emissions can be chemically altered by hydrothermal processes within volcanic conduits [Symonds, et al., 2001], their Hg/SO2 composition is not necessarily representative of the “magmatic” ratio [Mather, et al., 2003]. While both Hg and SO2 can be chemically processed upon emission of volcanic fluids in the cold and oxidizing atmosphere, potentially leading to mismatch of plume and source Hg/SO2 compositions. Further, little is understood about short-term variations of Hg/SO2 ratios with time.
Here, we describe the first real-time simultaneous detection of Hg and SO2 in the atmospheric plume of a volcanic fumarole (F0 fumarole at Vulcano island, Italy), measured by combining a portable mercury vapour analyser (Lumex 915+ [Sholupov, et al., 2004]) and a MultiGAS (Multi-component Gas Analyzer System [Aiuppa, et al., 2005a; Shinohara, 2005]), respectively. These real-time measurements allow us to characterise the short-term variability of Hg/SO2 proportions in the plume, and thus to apportion Hg volcanic emissions with a far better time resolution than possible with more conventional methods (e.g., Au traps). By contrasting the above measurements with a contemporaneous determination of fumarole composition, we also test if plume measurements are in agreement with, and thus representative of, source composition, which yields insights into Hg reactivity in volcanic gas plume environments. 

2. Study area and methods

Measurements were carried out at La Fossa crater on Vulcano Island (Southern Italy), a well-characterised quiescent volcano in Solfatara stage of activity since its last eruption in 1888-90 [Frazzetta et al., 1983]. F0 fumarole was chosen as the test site for our measurements because of its relatively-isolated position on the eastern margin of the rim at La Fossa crater, which guaranteed easy access and prevented gas contributions from other fumaroles affecting our measurements (see Aiuppa et al, [2005a; 2005b] for location of the fumarole). This fumarole is fed by a 1m wide-40 m long NW-SE trending steaming fracture (surrounding surface temperature is about 40 °C), and has a composition dominated by H2O (89.7 mol %) and CO2 (9.5 mol %) (Table 1). All measurements were carried out on July 12, 2006, a sunny, warm day at a background temperature of 31°C, relative humidity 77%, pressure 985 hPa, with a gentle wind (~ 4 m·s-1) blowing in a SE direction. 

Measurements in the atmospheric plume of F0 fumarole were carried out from about 80 cm from the emission vent, by concurrently pumping the fumarole gas exhausts through a Lumex 915+ portable mercury vapour analyser [Sholupov, et al., 2004] and a Multi-GAS [Aiuppa, et al., 2005a; Shinohara, 2005]. The Lumex sampled air at 12-15 l min-1 directly into the instrument’s sampling inlet (~3 cm diameter) at ambient temperature to the multi path detection cell which has an effective path length of 10 m.  This multipath cell has a volume of 0.7 l and air changes in the cell 3 times every 7-10 seconds.  The instrument inlet has an external washable dust filter with a porosity of 5-10 mkm in addition to a coarse dust filter of porosity 100 mkm. The mercury analyser monitored gaseous elemental mercury (GEM) concentrations using differential atomic absorption spectrometry with correction for background absorption via the Zeeman Effect [Sholupov, et al., 2004].  The detection limit was 2 ng m-3 and a zero correction reset the baseline every 5 minutes during sampling. Total gaseous mercury (TGM) the plume air was also collected by co-exposed Au-traps [Ebinghaus, et al., 1999], followed by analysis via cold vapour atomic fluorescence spectrometry (CVAFS) with a Tekran 2600 (US-EPA Method IO-5 [1999b]). Variations in SO2 (and CO2 and H2S) in the F0 plume were monitored by a Multi-GAS instrument as detailed in Aiuppa et al [2005a; 2006]. Total mercury content in the fumarole was determined by measuring TGM content in simultaneously collected condensed and un-condensed gas fractions using a homemade portable instrumentation system similar to that developed by Nakagawa [1999]. This device consists of two condensate traps connected in series with a Au-traps. The steam coming from the fumarole was first condensed using a condenser-separator in which the fluid was cooled rapidly from 287°C to less than 40°C using acetone as a coolant. The condensate formed was collected in two glass vessels. The uncondensed gas fraction was then pumped to the Au trap for TGM measurements. After collection, total dissolved mercury in the condensed phase was measured by CVAFS after reduction with tin chloride, according to EPA Method 1631 procedure [1999a]. The Au trap was analysed with the conventional US-EPA Method IO-5 [U.S.E.P.A., 1999b]. Sulphur dioxide emission rates were measured on the same day by Differential Optical Absorptions Spectroscopy (DOAS), by performing walking traverses in the crater area with a zenith-sky pointed telescope combined with an Ocean Optic OIB-2000 spectrometer. The estimated SO2 emission rate was evaluated at 15 t d-1 (from an average of 4 traverses and using wind speed data collected with a portable anemometer), in line with recent measurements [Aiuppa et al., 2005a, b, 2006]. 

3. Results
Table 2 lists the mean, median, minimum and maximum GEM and SO2 concentrations in F0 plume recorded over a thirty minute time period using the Lumex Hg analyser and the MultiGAS. The Lumex Hg analyser recorded values between 4.8 and 339 ng m-3 with a median GEM concentration of 102 ng m-3 and a mean of 111 ng m-3. Simultaneous measurements in the plume of F0 fumarole by Au-traps yielded TGM concentration of 129 ng m-3. In previous study comparing atmospheric Lumex Hg measurements and those found with Au-traps, a strong correlation was observed between the measurements which were related according to the equation: Au trap [TGM] = 1.19(Lumex [GEM]) + 0.49 ng Hg m-3 [Kim, et al., 2006].  Based on this relationship, the Hg detected using the Au trap at F0 on July 12 would suggest the lumex would find 108 ng Hg m-3, close to the observed mean of 111 ng m-3. 

The Lumex Hg analyser was able to detect the pulses in gases released from the volcano which closely matched those of SO2 and CO2 as illustrated in Figure 1.  The SO2 sensor has the slowest response time of these three sensors (SO2 T90 response time < 20 s; CO2 T90 response time = 10 s). However, at this fumarole the slower response time does not appear to interfere with the agreement of the data. The concentrations are reported as 10 second averages and this appears to mask such response differences in this instance. The data reported in Figure 1 show a good agreement in the CO2, SO2 and GEM response to fumarolic gases. The data from these real time measurements were used to determine the GEM/SO2 ratio in the fumarole gas (Figure 2). This yields a mass ratio for GEM/SO2 of (1.03 ± 0.03)(10-6 and for GEM/CO2 of (5.0 ± 0.1)(10-8 (uncertainties based on standard error in the gradient of the data calculated using standard error propagation methods [Miller and Miller, 1988]. Monitoring the composition of the volcanic gas in real time enables the variability of the ratios over time to be studied (Figure 3). The GEM/SO2 ratios show a range of an order of magnitude over the 30 minute monitoring period with a minimum value of 2.45(10-7 and a maximum of 2.6(10-6 (mean, 1.05(10-6, median 1.09(10-6; Table 1). This range may reflect some degree of decoupling between SO2 and Hg emissions from the fumarole or their subsequent atmospheric processing in the short time between emission and measurement. This range is less than the range of ratios seen by compiling the previous measurements made in different quiescent plumes (10-6-10-3, [Pyle and Mather, 2003]). It is also at the lower end of this range and considerably lower than the ratio measured at Etna for the bulk plume [Bagnato et al., 2007]. The fact that Lumex only measures gaseous elemental mercury might account in part of these discrepancies (although measurements at Etna suggest that this might be a small correction [Bagnato, et al., 2007]). If we assume that F0 emissions are representative of the composition of the fumarolic field, and scaling to our measured mean SO2 flux of 15 t day-1, the above GEM /SO2 ratios would correspond to Hg fluxes from La Fossa volcano in the 4.4-7.1 kg yr-1 range. This is within the range (1.3-5.5 kg yr-1) previously reported by Ferrara et al [2000], yet based on a different measuring technique (H2SO4+KMnO4 liquid traps) and on remarkably lower GEM /SO2 ratios (0.7-1.3×10-7). 

The above-calculated time-averaged Hg/SO2 ratios from Lumex/MultiGAS measurements can be contrasted with those simultaneously determined in the fumarole. In order to derive the latter, total mercury content in F0 fumarole (Table 1) was estimated from measured TGM contents in the condensate (40 g of Hg per litre of condensate) and in the un-condensed gas fraction (0.0026 g of Hg per litre of un-condensed gas; as given by the in-line Au-Trap). Combining the above numbers with the volume of condensate formed from unit volumes of fumarolic gas (10 ml of condensate formed per 2 l of un-condensed gas; corresponding to an un-condensed gas/condensate molar ratio of 0.16), we evaluated a total (condensate + uncondensed gas) Hg concentration in the fumarole of 3.21(10-7 mol %, with respective molar proportions of condensate and un-condensed gas of 98 % and 2 %. This, combined with a SO2 concentration in F0 fumarole of 0.34 mol % (Table 1), yielded a representative TGM/SO2 molar ratio of 9.4(10-7 (mass ratio, 2.9(10-6). Thus, time-averaged Hg/SO2 ratios from Lumex/MultiGAS measurements are about a factor 2 lower than those simultaneously determined in the fumarole (comparing Tables 1 and 2). The GEM concentrations measured with the Lumex have been recalculated using the correction of Kim et al [2006] discussed above, and these increased concentrations have then been used to find the corrected GEM /SO2 ratios (Table 2). These corrections result in a small increase in the GEM /SO2 ratios, although the ratios are still smaller than that determined directly from the fumarole. 
4. Discussion
A large variety of chemical methods have been used in the past to quantify Hg/SO2 proportions in volcanic emissions [e.g., Bagnato, et al., 2007; Ferrara, et al., 2000; Nakagawa, 1999; Varekamp and Buseck, 1981]; the majority of which require complex and time-consuming post-sampling analytical determinations in a laboratory, precluding real-time measurement and limiting the acquisition of robust datasets. We have shown here that the combined Lumex/MultiGAS technique allows a large number of simultaneous GEM and SO2 measurements to be made over short (half an hour) observation periods (Fig. 1), and the time variability of the GEM /SO2 ratio (Fig. 3) to be evaluated real-time. We expect that the advent of such real-time observation techniques will provide us with much improved tools for a better apportioning of GEM budgets from volcanoes in the near future.

Our measurements demonstrate that, for the conditions of F0 fumarole at Vulcano during our observation period, the in-plume Lumex/MultiGAS GEM /SO2 ratios are in qualitative agreement with (on average a factor ~2 lower than) the representative source (fumarole) ratio. It is worth noting, however, that the maximum Lumex/MultiGAS ratio of 2.6(10-6 is consistent with the fumarole composition (Fig. 3). Taking into account the significant analytical uncertainties and the fact that only one direct sampling measurement was available during the measurement period, it is thus clear there is no order of magnitude difference between fumarole and plume Hg/SO2 ratios. This suggests that real-time Lumex/MultiGAS measurements are good proxies of volcanic compositions. The slightly lower plume Hg proportions (compared to SO2) in comparison with the direct fumarole data (Fig. 3) support significant contributions to the plume Hg content from particle or reactive gaseous Hg or, perhaps more likely (given the full Hg speciation determined for Etna, Bagnato et al., [2007], and the equilibrium calculation below), some extent of chemical processing in the plume. 

To decrease the Hg/SO2 ratio between emission and measurement a short distance downwind, the plume must either be enriched in SO2 in comparison to Hg or depleted in Hg in comparison to SO2. The disproportionation of H2S with H2SO4 upon discharge, could increase levels of SO2 [Giggenbach, 1987], however this is unlikely to occur to a significant extent at the lower temperatures present at F0 (<150 °C). Further, Aiuppa et al [2004] proposed that the SO2 emitted from F0 fumarole is not significantly processed over short transport times in their inter-comparison study of direct and FTIR measurements at La Fossa Crater. Assuming this conservative behaviour of SO2 implies that the lowering of the Hg/SO2 ratio in the plume (compared to the fumarole composition) is the result of Hg processing only. Since GEM is significantly less reactive than any HgII form at tropospheric conditions, the reactivity of mercury upon plume dispersion will depend on which form (elemental or divalent) prevails in volcanic emissions and on the extent to which GEM is oxidised to HgII forms in the plume. According to Sakamoto et al [2003], the following homogeneous reaction between mercury and hydrogen chloride may control GEM /HgII proportions in a volcanic gas phase:

Hg0(g) + 2HCl(g) = HgCl2(g) + H2(g)    (1).

Assuming that thermodynamic equilibrium is attained for reaction (1) at surface discharge conditions (T = 287°C; P = 0.1 MPa), and using the concentrations of H2 and HCl in volcanic gas discharges of F0 fumarole (Table 2), an equilibrium pHgCl2/pHg0 ratio of ~10-4 can be calculated (thermochemical data were derived from HSC code, Outokumpu Tech., Finland). This suggests that, would the above assumptions hold, mercury is mostly emitted at F0 fumarole as GEM, and that a fast mechanism for Hg0(g) removal within the plume is required to account for the mismatch between plume and fumaroles. While we have no definite answer to which the actual reaction mechanism is, and albeit further measurements are needed to test further our observed discrepancy between plume and fumaroles, we speculate that the high relative humidity of the plume may favour the oxidative dissolution of Hg0(g) in liquid droplets (not detected by the Lumex). 

5. Conclusions

We have reported the real-time simultaneous measurements of Hg and SO2 concentrations in a volcanic gas plume; which exceptional acquisition frequency allowing us to derive the short-term variations of the volcanic Hg/SO2 ratio for the first time on an active volcano. The Hg/SO2 ratio spanned an order of magnitude in the plume of F0 fumarole on La Fossa Crater, Vulcano Island, averaging at 1.09(10-6 and being in qualitative agreement with the Hg/SO2 ratio directly measured in the fumarole. The factor ~2 mismatch between plume and fumarole Hg/SO2 ratios, albeit requiring further validation by additional observations at La Fossa and other volcanoes, supports the idea of rapid Hg recycling to the aqueous plume phase upon emission of volcanic gases in the atmosphere. 
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8. Figure captions

Figure 1.  Mercury concentrations (Black squares) at Fumarole F0 at La Fossa Crater, Vulcano on July 12 2006 with simultaneously recorded (a) CO2 (grey triangles) and (b) SO2 (grey diamonds) concentrations in the fumarole gases. Data reported as 10 second averages. The gaps in the data show where a zero correction of the Hg instrument occurred. The dashed line represents the Hg concentration from Au-trap plume measurements.
Figure 2.  GEM concentrations recorded at Fumarole F0 at La Fossa Crater, Vulcano on July 12 2006 plotted against simultaneously measured concentrations of (a) SO2 and (b) CO2 as 30 second averages.
Figure 3.  Variability in GEM /SO2 ratio at F0 at La Fossa Crater (Black diamonds), Vulcano on July 12 2006 calculated from the 10 second average data shown in Figure 1. The dashed line shows the TGM/SO2 ratio in the fumarole (as derived from condensate measurements; Table 1).  The variability in GEM is also included in the figure (grey line).  
9. Tables
Table 1 - F0 fumarole composition in July 12 2006 (courtesy of INGV-Palermo, except for Hg and S-species). All concentrations are in mol% and temperature in °C. *SO2 and H2S concentrations were determined from Stot and a SO2/H2S molar ratio of 2.2, determined by our MultiGAS measurements.
	Fumarole F0 July 12 2006

	

	Temperature

	287

	H2O

	89.75

	CO2
	9.53

	HF
	0.0267

	HCl
	0.203

	Stot
	0.496

	(SO2)*
	(0.34)*

	(H2S)*
	(0.156)*

	He
	8.68(10-5

	H2
	0.00322

	O2
	-

	N2
	6.92(10-2

	CO
	4.77(10-5

	CH4
	5.16(10-6

	Condensed Hg fraction
	3.17(10-7

	Un-condensed Hg fraction
	0.04(10-7

	Total Hg content
	3.21(10-7

	Hg/SO2 mass ratio
	2.9(10-6


Table 2 - Concentrations and ratios observed at La Fossa Crater, Vulcano on 12 July 2006.  SO2 concentrations reported for filter pack results and those obtained with the MultiGAS (minimum, maximum mean and median values).  
	
	Fumarole F0 July 12 2006

	[SO2] mg m-3
	min
	max
	mean
	median
	
	

	
	6.4
	338.8
	105.5
	93.9
	
	Ratio using corresponding corrected [Hg]

	[Hg] ng m-3
	min
	max
	mean
	median
	Au trap
	

	
	4.8
	339.1
	111.2
	101.9
	129.1
	

	corrected*
	6.2
	404.0
	132.8
	121.8
	
	

	
	
	Median Hg/Median SO2 
	1.09 × 10-6
	1.30 × 10-6

	
	
	Mean Hg/Mean  SO2 
	1.05 × 10-6
	1.26 × 10-6

	
	
	Gradient of Hg vs SO2 (real time)
	1.03 × 10-6
	1.24 × 10-6


*Corrected Hg concentrations found using 1.19 × [Hg]LUMEX + 0.49 [Kim, et al., 2006]. 
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