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Abstract 

The volatilities of metals in igneous systems are important constraints in the contexts of 

magmatic degassing, ore deposition and the volatile budgets of the Earth and other planets. In 

order to develop a systematic understanding of such volatilities, we have made the first 

experimental measurements of the volatility of Hg from molten basalt at high temperatures 

and compared it directly with other volatile trace elements (i.e., Ag, As, Cd, Cr, Cs, Cu, Ga, 

Ge, In, Li, Pb, Rb, Sb, Sn, Tl and Zn). We placed 100 mg of crushed basalt, containing 93 

ppm of Hg and ~500 ppm of most of the other volatile metals in an alumina crucible which 

was sealed under vacuum inside a silica glass tube of volume ~4.410-6 m3. After holding 

them at high temperature (1250, 1300 or 1400 °C) between 5 minutes and 24 hours, samples 

were quenched in air. Analysis of the quenched glasses using a Direct Mercury Analyser 

shows that almost all Hg (>99 %) is lost within the first few minutes, establishing a total 

pressure of Hg species of 150 Pa (calculated from the known mass of Hg in the system and 

the ampoule volume). Apparent steady-state concentrations of ~40 ppb Hg at 1400 °C and 

~100 ppb Hg at 1300 °C are achieved after 1 and 6 hours respectively. The oxidation state of 

Fe in the products, measured by XANES, indicates that Fe3+/(Fe3++Fe2+) remains constant at 

~0.1 during the experiments. The behavior of elements other than Hg in the glasses were 

determined by Electron Microprobe and Laser Ablation ICP-MS.  In our experiments we find 

that the fraction of each element lost to the atmosphere decreases in the following order: 

Hg>>Tl>Cd>In>Zn*>Li>Cs>Cu*>As>Ag>Pb~Sn~Ga>Ge~Sb (with the position of 

asterisked elements uncertain and maximum possible volatilities adopted).  These results 

show broad similarities to, but also important differences from volatilities estimated from 

field measurements of gas/aerosol compared to concentrations in lava. They also show 

important differences from volatilities obtained from open-system experiments and those 
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estimated from the condensation temperatures of elements in the relatively reduced 

environment of a protoplanetary gas disc. 

 

Keywords: mercury volatility from silicate melt; trace metal volatility from melts; volcanic 

degassing of volatiles; volatility from basaltic melts. 

 

1. Introduction  

Determining the volatilities of trace metals from silicate melts is important for understanding 

their release to the atmosphere in volcanic systems (Mather, 2015) and to provide insights 

into their use as tracers of igneous/magmatic processes and wider processes associated with 

the composition, evolution and differentiation of silicate planets (e.g., Wood et al., 2006). An 

understanding of metal release from magmas also aids our understanding of the formation of 

some ore deposits (e.g., Blundy et al., 2021; Pokrovski et al., 2013; Williams-Jones and 

Heinrich, 2005). In the context of porphyry copper (Cu) deposits for example, Cu enrichment 

is mostly related to hydrous fluids exsolved from evolved magmas during magma ascent or 

crystallization (e.g., Hedenquist and Lowenstern, 1994; Cooke et al., 2014). In an 

enviromental context, volcanic emissions are an important source of trace metals and for 

some (e.g., Hg and Cd) they contribute up to 50 % of naturally occurring present-day release 

to the environment (e.g., Hinkley et al., 1994; Nriagu, 1989). Understanding the release of 

these often toxic trace metals from volcanoes yields insights into their impacts on 

animal/plant health (e.g., Martin et al., 2009) and they are important signals in archives of 

volcanic activity and environmental impacts such as ice cores (e.g., Hinkley and Matsumoto, 

2007; Kellerhals et al., 2010). More specifically, previous work on Hg has shown its great 

potential in global chemostratigraphy and its ability to shed light on the links between past 

episodes of large-scale volcanism, namely large igneous provinces (LIPs), and global 
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environmental change events such as mass extinctions and carbon cycle perturbations (e.g., 

Sanei et al., 2012; Percival et al., 2021).  

Hg analysis of sedimentary rocks and the identification of concentration “spikes” in the rock 

record is an area of growing interest with the potential to identify increasingly detailed 

insights into extended periods of Earth’s geological history (e.g., Fendley et al., 2024). 

However, there is a lack of understanding of the way in which trace metals and particularly 

Hg behave in, and degas from, silicate melts and about how the emissions of these elements 

are related to the volumes, compositions, temperatures, and pressures of erupted/intruded 

melts. Hg behavior is particularly poorly understood due to low concentrations in natural 

samples and measurement challenges (especially with in situ techniques; e.g., low ionization 

potential, its high number of naturally occurring isotopes and stickiness). For example, 

measurements of the Hg contents of a large number of igneous rocks made using a Direct 

Mercury Analyser (Marie et al., 2015) led to a maximum observed concentration in basalt of 

46 ± 6 ppb (parts per billion) and in granite of 155 ± 2 ppb. Most igneous rocks contain <11 

ppb of Hg (Marie et al., 2015). These relatively low Hg contents highlight the volatile 

behavior of Hg with this element partitioning preferentially into the gas phase. For these 

reasons, it is difficult to determine the original magmatic Hg content. Hg is also volatile 

during volcanic eruptions (Pyle and Mather, 2003), but it appears to be retained sufficiently 

well by silicate melts that its incompatibility in silicate minerals can lead to modest 

enrichments during igneous differentiation. The volatility of Hg in volcanic systems is readily 

compared with that of other metallic elements using a partition coefficient approach. Zelenski 

et al. (2021) calculated the Hg partition coefficient (Kd) (𝐾𝑑 = 𝐶𝐻𝑔
𝑔𝑎𝑠

/𝐶𝐻𝑔
𝑚𝑒𝑙𝑡) between 

volcanic gas and a silicate melt system for arc and rift/hotspot magmatic contexts. These 

authors found that KdHg in arc magmatic systems is of the same order as KdCu and KdAg; ~ 25 

times lower than KdCd and 5 and 20 times higher than KdZn and KdLi respectively. However, 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

KdHg has high uncertainty (i.e., > half an order of magnitude), since Hg content measurements 

in gas and silicate melts for the same volcanic system are very sparse.  

In addition to regional scale volcanic degassing, a better understanding of magmatic Hg 

behavior will aid a wider understanding of planetary geochemical evolution. Hg is an element 

of low abundance in the bulk silicate Earth with an estimated concentration of ~6 ppb (Palme 

and O'Neill, 2014). This represents depletion by a factor of 60 relative to its accepted 

concentration (350 ppb) in CI chondrite meteorites commonly used as a model for the 

refractory element concentrations in the bulk Earth. For comparison, corresponding depletions 

of some other volatile elements are by factors of 34 (Tl), 19 (Cd) 7 (Cu), and 6 (Zn) (Palme 

and O'Neill, 2014). These elements (and Hg) are generally assumed to be part of a “volatility 

trend” of increasing depletion in bulk silicate Earth with increasing volatility (McDonough 

and Sun, 1995). Volatility, in this context is normally defined in terms of the temperature at 

which 50 % of the element of interest would be condensed at equilibrium from a gas of solar 

composition at a total pressure of 10-4 bar (Lodders, 2003). In this case condensation 

temperatures of 240K (Hg), 365K (Tl), 502K (Cd) 704 K (Zn) and 1034K (Cu) (Wood et al., 

2019) correlate reasonably well with the observed depletions but should not be taken as 

indicative that condensation to a solid at low temperatures is the primary process by which 

their concentrations in silicate Earth were established.  

Finally, Hg methylation via microbial processes in aqueous environments leads to the 

formation of methylmercury (MeHg). This is a bioaccumulating Hg species which can cause 

severe neurological and physiological damage to complex organisms if ingested (Driscoll et 

al., 2013; Wang et al., 2019). The ecological and societal risks of environmental Hg 

contamination highlight the importance of quantifying and understanding natural as well as 

anthropogenic emissions. Volcanism is one of the principal mechanisms of Hg release to the 
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atmosphere, hydrosphere and biosphere and thus all efforts to improve our understanding of 

its emissions from magmas are important (Pyle and Mather, 2003). For this reason, and the 

others discussed above, Hg is the main focus of our study although we will make comparisons 

with other volatile metals in order to place our results in context. 

The principal hypothesis underlying the present study is that erupting lavas lose essentially all 

of their Hg, with gaseous Hg0 as the prevalent form, to the H2O-CO2 rich gases emitted prior 

to and during subaerial eruptions (e.g., Bagnato et al., 2007; Bagnato et al., 2014). Here our 

aim is to better understand Hg behavior in basaltic melt, and the capacity of a magma to retain 

Hg under relatively high Hg partial pressures. These data will be used to constrain Hg 

volatility in basalt at magmatic conditions and to compare this volatility with other elements 

known to be volatile at high temperatures such as Tl, Cd, Cu and Zn. By using a sealed 

ampoule at atmospheric pressure we are able to determine the partial pressure of Hg species 

in equilibrium with a melt containing a known concentration of Hg at high temperature. 

Equilibrium speciation calculations, discussed in more detail below, indicate that Hg should 

be present in the gas phase largely as uncomplexed Hg0 in both our experiments and in nature 

which means that chemically our data are directly applicable to nature, irrespective of the 

exact major element composition of the emitted gas. Analysis of Hg in quenched melts is 

difficult because the concentrations are too low for electron microprobe analysis and Hg does 

not ionize readily in Inductively-Coupled Mass Spectrometry (ICP-MS). However, analysis 

using a Direct Mercury Analyser that combines thermal decomposition, catalytic conversion, 

amalgamation, and atomic absorption spectrophotometry (e.g., Roy and Bose, 2008) is precise 

and accurate at the ppb level provided sufficient material is available and the sample is heated 

to high enough temperature to liberate all the Hg. Our volatility experiments were aimed, 

therefore, at yielding measurable Hg concentrations in melts in equilibrium with Hg-bearing 

gas at ~1 bar. The results provide constraints on the proportions of Hg expected to be lost 
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from erupted melts, the quantities anticipated to be emitted from LIPs of known volume as 

well as more general insights into Hg volatility. 

 

2. Material and Methods 

2.1 Experiments 

To study Hg behavior in basaltic melts, we first attempted experiments at 1 atm in a 

vertical atmospheric furnace using platinum wire (0.2 mm in diameter) to support 4-5 mg of 

starting material, here an Icelandic basalt composition from Reykjanes Ridge, well 

characterized in previous studies (i.e., Norris and Wood, 2017; Thomas and Wood, 2021; 

Boulliung and Wood, 2022, 2023). These experiments involved addition of ~1000 ppm of Hg, 

as HgO, to powdered natural Icelandic basalt in order to determine if the Hg would be retained 

by the melt during an initial period of heating to the liquidus followed by immediate quenching. 

As expected, the results indicated almost complete loss of HgO during the initial heating stage 

(i.e., the time taken for the starting material to reach the liquidus temperature). We therefore 

opted to work with closed systems in which the Hg-bearing melt is sealed and Hg-retained 

inside a closed silica-glass ampoule or SSAS (Sealed Silica Ampoule System). This approach 

has previously been used to study other volatile elements notably alkalis in silicate melts 

(Tsushiyama et al., 1981; Mathieu et al., 2008). Experimentally the sealed tube, when placed 

in a furnace at known temperature, enables assessment of the partial pressures of the elements 

of interest as well as, given relevant thermodynamic data, their activities in the silicate melts.  

For the SSAS experiments, we doped the starting material with ~500 ppm of each of a 

large number of trace elements exhibiting a wide range of volatility behaviors (i.e., Ag, As, Cd, 

Cl, Co, Cr, Cs, Cu, F, Ga, Ge, In, Li, Mo, Ni, Pb, Rb, Sb, Sc, Sn, Sr, V, W, Y, Zn, Zr). The 

doped starting composition was fused in a covered alumina crucible at 1 atm/1300 °C for 5 

minutes and drop-quenched into water. The procedure was repeated and the 2 glasses combined 

to form a single starting material. After crushing and grinding, 93 ± 3 ppm of Hg was added as 

HgO powder. This final composition reported in Table 1 was used in multiple SSAS 

experiments and Hg contents were measured 5 times to ensure homogeneity in the starting 

material. 

The SSAS preparation consists of several steps. The starting material (~100 mg powder) 

was first placed in an alumina crucible (5-mm outer diameter with 3-mm inner diameter and 

10-mm long). The crucible was inserted into a silica tube (10-mm outer diameter with 8-mm 
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inner diameter) sealed at one end. The silica tube was then connected to a vacuum line overnight 

to decrease the inner pressure to ~2.7 mbar. This step is essential to prevent overpressure (>> 

1 bar) during high-temperature experiments, as the inner pressure increases with temperature. 

The other extremity of the tube was sealed while still evacuating, yielding an ~9 cm long 

ampoule ready for the experiments.  

In order to check for Hg loss during ampoule evacuation and sealing we performed a 

blank test in which the sample was evacuated and sealed and then opened and analyzed for Hg. 

This blank test showed that no Hg is lost during ampoule preparation. In order to facilitate 

comparison between experiments of different temperature and time we maintained the volumes 

of the ampoules (4.4  10-6 m3) and the amounts of starting material (100 mg) as constant as 

possible for each experiment. 

Experiments were performed in a muffle furnace at three different temperatures (1250, 

1300 and 1400 °C) and for durations from 5 minutes to 24 hours. A thermocouple was used to 

check temperature consistency in the furnace and that the temperature is constant over the 

length of the ampoule with variations estimated not to exceed ± 5 °C (Mathieu et al., 2008; 

Mathieu, 2009).  The silica ampoule was quenched in air at the end of the experiment (Figure 

1). Some pieces of the product glass were selected for Hg analysis and others were mounted in 

epoxy and polished for microanalysis. We also analyzed a few parts of the silica ampoules and 

the alumina crucibles to check for Hg deposition. Figure 1 shows an ampoule after quenching. 

 

2.2 Analyses 

2.2.1 Starting material  

The powdered starting material composition (Table 1) was determined after crushing 

and grinding and addition of 93 ± 3 ppm of Hg. Major and trace elements were analyzed at the 

CNRS Service d'Analyse des Roches et des Minéraux (SARM; in Nancy, France). Major 

elements were analyzed by ICP-OES (iCAP 6500 Radial from Thermo Scientific®) and most 

trace elements were analyzed by flow injection ICP-MS (see details in Carigan et al., 2001). Li 

contents were determined by atomic absorption using the Flame Atomic Absorption Instrument 

240FS from Agilent®, Cl by Na2CO3 alkali fusion followed by spectrophotometry (using Cary 

60 UV-Vis Spectrophotometer from Agilent®; see details in Vernet et al., 1987) and F by 

potentiometric analysis using a fluoride-ion sensitive electrode from Metrhom® (e.g., Vernet 

et al., 1987; Foucaud et al., 2019).  

Trace element contents of the starting materials were additionally checked by Laser 

Ablation ICP-MS on separate chips of glass from each of the 2 fusions using the methods 
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described below. As can be seen from Table 1, there is very good agreement between the 2 

independent methods of analysis, at SARM, Nancy and in Oxford. 

 

2.2.2 Product compositions 

The major element compositions of the final glass run products (Supplementary Table 

S1) were determined using a CAMECA SX-Five-FE microprobe in the Department of Earth 

Sciences, University of Oxford. Analytical conditions were 15 kV accelerating voltage, 40 nA 

beam current with a spot size of 20 μm. The standards used for the calibration were natural 

albite (Si, Al, Na), wollastonite (Ca), fayalite (Fe), sanidine (K), TiO2 (Ti), MgO (Mg), NaCl 

(Cl), BaF2 (F), pyrite (S) and copper metal (Cu). Approximately 9 points were analyzed on each 

sample to check for homogeneity with, in addition, where possible, measurements of any 

compositional gradients from the alumina crucible edge to the center also determined 

(Supplementary Table S1).The same methods were used to determine F and Cl contents of the 

starting glasses with a total of 325 analyses made of 13 chips of starting glass (Table 1). The 

overlap of the Fe L line on the F background was corrected-for using the inbuilt Cameca 

software. An independent check of this method, with good agreement, was performed by 

calibrating the apparent negative F contents measured in Fe-bearing F-free materials 

(almandine, fayalite, St. Johns Island olivine).  

As observed by Neuman et al. (2022) for longer experiments, spinel precipitation may 

occur at the contact between the alumina crucible and the melt. In order to determine if solids 

precipitated during our experiments, backscattered electron (BSE) images were collected by 

scanning electron microscope (SEM) JEOL JSM-6510 at the Centre de Recherches 

Pétrographique et Géochimiques (CRPG, Nancy, France). For the observations, we used a 3 

nA beam current with accelerating voltage of 15 kV. Images and further information are 

reported in Supplementary material A. 

The mercury content of each sample (Supplementary Table S2) was determined using 

DMA-80 evo from MILESTONE® (Direct Mercury Analyzer; e.g., Marie et al., 2015). The 

DMA-80 evo was calibrated using a range of standards (NIST glasses, basalts, sediments; Marie 

et al., 2015) re-analyzed during and after each series of samples. These standards contain 

different Hg contents ranging from 12±1 (BEN) to 1580 (110) ppb (see Marie et al., 2015 for 

more details). A minimum of two basaltic standards (with Hg contents of 12 ± 1 and 101 ± 10 

ppb) were analyzed to avoid potential matrix effects. Blank measurements were also included 

in the analytical runs to check for memory effects especially after samples showing relatively 

high Hg concentrations. For example, after analysis of a sample containing 1755 ± 175 ppb Hg, 
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the blank level was 0.4 ± 0.4 ppb. Various blank measurements, depending on previous Hg 

content measurements, were analysed to ensure that the memory effect contribution is < 0.5 

ppb. To determine Hg homogeneity in the melt and reproducibility of the analyses, some 

samples were analyzed between 3 and 5 times. Finally, in order to check the external 

reproducibility of the data, the Hg contents of a selection of samples were re-analyzed using 

the direct mercury analyzer RA-915 lab from LUMEX® at the University of Oxford, 

Department of Earth Sciences (Supplementary Table S3). The data obtained using these two 

methods are in good agreement for Hg contents ranging between 10 to 31420 ppb with a slope 

of 0.9 and MSWD = 3.4 (Supplementary Figure S1). 

 The concentrations of trace elements other than Hg were determined on the product 

glasses by Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICPMS) analysis at the 

University of Oxford, Department of Earth Sciences. The instrument used was a Perkin-Elmer 

Nexion 300Q quadrupole mass spectrometer coupled to a New Wave Research 213 nm laser 

ablation system. The ablation spot diameter was 50 μm with the laser operating at 20 J/cm2 and 

a repetition rate of 10Hz. Ablated material was transported to the Mass Spectrometer using He 

carrier gas. Four LA-ICPMS analyses were performed on each product glass (Supplementary 

Table S4) in addition to 4 analyses each of separate chips of the 2 glasses which had been 

combined to form the starting material (Table 1). Time resolved spectra were collected for each 

sample using SRM NIST 610 glass (Jochum et al., 2011) as the primary standard and the Ca 

content of the product glass, measured by electron microprobe, as the internal standard. GRE-

1G glass (Jochum et al., 2005, Jochum et al., 2011) was used as a secondary standard to check 

the calibration. Data were reduced using Glitter (http://www.glitter-gemoc.com/) software. 

Some samples required all the glass for Hg content analysis and no EPMA and LA-ICPMS data 

could be collected (see supplementary Table S2). 

One element, Tl was inadvertently omitted from the starting material analyses although 

approximately 50 ppm had been added to the basalt starting material. Our LA-ICPMS analyses 

of chips of the 2 glasses mixed to form the starting material (Table 1) indicate that both contain 

55-65 ppm of Tl and therefore 60 ppm was used to calculate the partial pressure of Tl species 

during the experiment. 

The oxidation states of a selection of the products (Supplementary Table S2) were 

determined from near edge structure at the Fe K-edge (XANES) on beamline I18 (microfocus 

spectroscopy) of the DIAMOND synchrotron. Spectra were collected in fluorescence mode 

using a Si 111 monochromator, a beamsize of 20  20 m and with a 0.025-mm thick Al foil 

to attenuate the photon flux. Counts were collected for 1 second at each energy, with the energy 
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steps being as follows: 7050-7100 eV (5eV/step); 7100-7135 eV (0.2 eV/step); 7135-7180 eV(2 

eV/step); 7180-7350 eV (5 eV/step). Spectra were normalized and fitted using Larch (Newville 

2013). The pre-edge region between 7105 eV and ~7117 eV (normalized intensity of 0.2) was 

simultaneously fitted using Lorentzian and linear functions for the background, and two 

pseudo-Voigt peaks for the features corresponding to the 1s-3d transitions in Fe. To ensure fits 

were systematic and reproducible, peak linewidths (sigma) and centers were constrained to be 

within the same limits for all standards and samples. Standardizations were based on our 

measurements of the spectra of a series of Martian basalts (Matzen et al., 2022) which had their 

oxidation states determined by Mössbauer spectroscopy and for which the XANES spectra had 

been cross-calibrated against a series of basalt standards of known Fe3+/Fe2+ loaned to us by 

Dr. E. Cottrell (Smithsonian Institution). 

 

3. Results and discussion 

3.1 Element loss as a function of time 

Mercury was, as expected, lost very rapidly in the early stages of these sealed-tube 

experiments. As shown in Figure 2A-B, the initial content of ~93 ppm reduces to ~2.3 ppm 

after 5 min at 1300 C. At this point the partial pressure of Hg species in the tube is calculated, 

to be approximately 0.0015 bar (150 Pa) (Supplementary Table S2) and it remains at this value 

throughout the remainder of the experiment. The partial pressure of Hg, (p(Hg)) in the gas phase 

was calculated from the ideal gas law by assuming that Hg0 is monoatomic: 

 p(Hg)=mRT/V    [1] 

In equation [1] m is the number of moles of Hg in the gas phase, R is the gas constant (8.3145 

J. K-1.mol-1) T is the temperature (K) and V is the volume of the ampoule in m3.  

The Hg content of the melt declines further to <100 ppb after 10 min and remains stable 

at ~90-130 ppb after 6-24 hours. Other elements which are generally considered to be 

moderately volatile, notably Cd, Tl, In, Ag (Fig. 3A-B-C-D) Ga, Sn, Ge, Sb, Ga, Pb, Cs, Li 

(Table 2) behave in a similar fashion to Hg but with less extreme losses of the element from the 

melt. Experiments at 1400 C (Fig. 2B) followed a similar pattern to those at 1300 C (Fig. 

2A), with rapid loss of almost all Hg and an apparent concentration plateau of 40 ppb after 1-3 

hours. 

For most elements the decline in concentration is not a simple function of time, but 

instead shows some scatter due, we believe, to several processes which are not readily 

quantifiable. One of these is infiltration into and reaction with the alumina crucible. For 

example, a thin layer of spinel is observed at the contact between the final glass and the alumina 
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crucible (more details in Supplementary Material A). This results from the reaction between 

the melt and the alumina crucible and modified the absolute Al2O3, FeO and MgO contents in 

the basaltic melt (Tables S1 and S5). By increasing the experiment duration and temperature, 

we observe a global increase of Al2O3 and a small decrease of MgO and FeO contents. For 

example, at 1300 °C, Al2O3 contents increase from 14.6 ± 0.1 to 22.8 ± 0.4 after 24 hours (Table 

S1) while MgO and FeO decrease by 2.0 and 1.6 wt.% respectively (see Supplementary 

Material A for more details). 

The effect of spinel growth is most clearly seen in the behavior of the elements Ni and 

Co which are relatively involatile under these conditions of temperature and fO2 (~1 logfO2 unit 

below the FMQ buffer) but which nevertheless decline in concentration with time as shown in 

Figure 4A-B. The  pattern of decline is less abrupt than in the cases of the more volatile elements 

however and resembles the pattern expected in the case of diffusion out of a source of limited 

extent (Crank, 1975). Partitioning into the growing spinel layer is expected in the cases of Ni2+ 

and Co2+ because both elements have stable spinel-structured aluminates of general formula 

MAl2O4 and are observed to partition strongly from basaltic melt into spinel (Righter et al., 

2006). Righter et al. (2006) obtained best fit values of DNi and DCo (spinel/melt) of 10 and 5 

respectively at 1150-1250oC and oxygen fugacities close to FMQ. These values confirm our 

hypothesis that these 2 elements were lost from melt to the growing spinel layer. For Zn, the 

study of Neuman et al. (2022) reported Zn partition coefficients between spinel and basaltic 

melts (D(Zn) spinel/melt) ranging from 3 to 40 with an average of 5 ± 2. It seems probable, therefore 

that a significant fraction of Zn was also lost to the spinel layer. The situation with Cu is less 

clear because Cu2+ also forms a stable aluminate, but we would expect Cu to be in the 1+ 

oxidation state under the relatively reducing conditions of the experiments. To confirm this we 

calculated the log(Cu2+/Cu+) ratio for representative samples using the Miller et al. (2024) 

equation and obtained a Cu+/ΣCu ~0.99. Nevertheless, both Zn and Cu exhibit similar behavior 

to Ni and Co (Fig. 5A-B) suggesting that some of the loss of both these 2 elements is due to 

reaction with the crucible (i.e., due to spinel formation - Supplementary Material A) rather than 

escape to the atmosphere in the ampoule.  

 

3.2 Fractional loss, speciation in the gas phase and comparisons with other measures of 

volatility 

We calculated the fraction of loss of each element from the melt, using the assumption that all 

loss of nominally volatile elements was to the ampoule atmosphere, even that of Zn and Cu. In 

the latter cases the calculated masses lost to the atmosphere are maximum possible values. The 
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input data and results from our calculations are presented in Table 2. Comparison with earlier 

studies of element volatility (e.g., Norris and Wood, 2017; Sossi et al., 2019; Ni et al., 2021; 

Zhang et al., 2021; Neuman et al., 2022; Califano et al., 2025) is interesting and informative. 

We should note, however, that all earlier studies were performed in open systems where the 

volatile elements are completely lost during the experiment, whereas our data refer to closed-

system volatilities where the elements are all retained in the gas phase in contact with the melt. 

In the case of open-system experiments factors such as element evaporation coefficients and 

flow velocities of the gas phase are potentially important influences on results. These effects 

are absent in our experiments. Bearing in mind these potential influences on data in the 

literature, we compared the volatilities obtained in our study with previous experimental results 

obtained under conditions similar or close to ours. Specifically, we compared our data at 1300 

°C for 60 minutes (Table S4) with studies performed in open systems (one-atmosphere gas 

mixing furnaces) at comparable temperatures, oxygen fugacities and durations, notably those 

by Norris and Wood (2017), Sossi et al. (2019) and Califano et al. (2025). As starting material, 

Norris and Wood (2017) used a natural Icelandic basalt, Sossi et al. (2019) a planetary mantle-

like composition and Califano et al. (2025) used a natural shoshonitic basalt. We compared the 

ratio (Xt/X0) corresponding to the elemental retention in the glass phase after fixed experiment 

time (Xt) normalized to the initial contents (X0). The resulting values are compared in Figure 6 

(for experiments at 1300 °C and 60 minutes) and are focused on elements common to the 

different studies, including Ag, Cd, Cr, Cu, Ga, Ge, Li, Rb, V, and Zn. As can be seen in Figure 

6, there is decreasing retention of an element in the melt as we progress from Li (least volatile) 

to Cd (most volatile). This general trend is observed in all 4 studies although in detail there are 

considerable differences due to the ways in which particular experiments were conducted. 

 

Our results exhibit generally good agreement (within 30 %) with those of Califano et al. 

(2025) for Cu, Zn, Ga, Ag, and Cd. Small discrepancies can be attributed to differences in redox 

conditions, i.e., ~FMQ –1 in our experiments versus FMQ +1.7 in Califano et al. (2025). 

Another parameter that can explain some differences is the Cl activity (aCl). Since Califano et 

al. (2025) added 1 wt. % NaCl to their starting material, the aCl during their experiments was 

significantly higher than in ours and should increase volatilities of elements such as alkalis, 

silver and copper. Agreement with the data of Norris and Wood (2017) is also quite good except 

for Ge. The enhanced loss of this element from the Norris and Wood (2017) experiments is 

possibly due to dissolution in the Ni crucible which they used. The most challenging 

comparison in terms of differences in experimental setup is that with the data of Sossi et al. 
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(2019) who measured evaporation from small beads (25 mg) of melt with large surface 

area/volume ratio and thus with rapid volatile loss. For this reason, despite reasonably good 

agreement of their data with ours for Li, Cr and Ga, they observe much larger losses of the 

volatile elements Cu, Zn, Ge, Rb, Ag and Cd in 60 minutes than we do. 

 

Figure 6 shows the comparison of our volatility results in a closed system with open-

system data from the literature. Better comparisons would be with closed system data from the 

literature, but the only general closed-system results are those relating to condensation in the 

solar nebula. In this case the gas and condensd phases remain in equilibrium with one another, 

as in our experiments, during cooling at very low oxygen fugacity. Figure 7 is a plot of fraction 

lost of the most volatile elements plotted against the temperature at which 50 % of the element 

would have condensed in the solar nebula (Wood et al., 2019). There are, of course, significant 

differences in the conditions of the two processes. We are studying volatility from a silicate 

melt at an oxygen fugacity about 1 logfO2 unit below the FMQ buffer whereas the condensation 

calculation addresses precipitation into a range of solid metals, silicates and sulfides at an 

oxygen fugacity approximately 10 logfO2 units below the FMQ buffer. Nevertheless there is a 

reasonable correlation between these 2 measures of volatility based on evaporation from melt 

and condensation to solid (Fig. 7). This broad agreement led us to consider whether speciation 

in the gas phase might be similar in the two cases. 

Wood et al. (2019) provide information and data sources for speciation calculations 

during condensation in the solar nebula. Alkali elements are predominantly speciated as MCl0 

in the gas phase at their condensation temperatures whereas most of the other elements of 

concern in Figure 7 are present as M0, MS0 or MCl0 species depending on the abundance and 

condensation temperature of chlorine. Here we used HSC Chemistry software and databases 

(https://www.metso.com/portfolio/hsc-chemistry/) to calculate speciation in the atmosphere 

inside the ampoules. The GEM module in HSC chemistry performs equilibrium calculations by 

free energy minimization under specified conditions of composition, temperature, pressure and 

oxygen fugacity. It is widely used in equilibrium speciation calculations for volcanic gases and 

its application has been extensively discussed in the literature (Symonds and Reed, 1993; 

Gerlach, 2004; Martin et al, 2006).  Given the presence of virtually all of the F (480 ppm) and 

Cl (590 ppm) in the atmosphere, we find that alkali elements are complexed largely with F and 

Cl as LiF0, CsCl0, CsF0, NaCl0, NaF0, RbF0 (Table 3). Gaseous oxides dominate for other 

elements, namely TlO, GeO, Ga2O, In2O, SnO and AsO, while uncharged M0 species are major 

contributors to gaseous Hg, Cd, Zn, Cu, Pb, Ag, Sb and Rb. It appears, therefore that there are 
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strong similarities between the dominant gaseous species in the case of condensation in the 

solar nebula and evaporation from silicate melts at 1300 C (Table 3) despite the differences in 

oxygen fugacity and in the nature of the condensed phases. 

The most significant outliers off the broad correlation between the fraction remaining 

in the melt in our experiments and the 50 % condensation temperatures are Pb and Sn (less 

volatile in the evaporation from silicate melt experiments than the solar nebula calculations) 

and Li and As (more volatile in our experiments than the solar nebula calculations). For Pb and 

Sn the difference could be due to the formation of more volatile sulfide species in the gas under 

solar nebula conditions, with such species being unstable in our experiments. In the cases of Li 

and As, Li forms LiF and As forms AsO under our experimental conditions and these species 

are absent in the nebula scenario, rendering Li and As less volatile. We should note, however, 

that stable species differences are also true for other elements without displacing them from the 

volatility trend. Specifically, given the significant differences in fO2 conditions between our 

evaporation experiments and solar nebula calculations we might expect elements that 

preferentially stabilize as gas-phase oxides to be more volatile in the experiments. While this is 

the case for As, however, In and Ga do not show this relationship, possibly due to the 

involvement of halides as alternative stable species under oxidizing conditions. 

 

3.3 Comparison with volcanic emission 

In order to relate our results to volcanic emissions on the present-day Earth, we 

compared the metal gas-phase speciation obtained at 1150 °C (Table 3) – taken as closest to 

magmatic temperatures – from HSC chemistry for our experiments with that derived from 

measurements of the gases being released at Etna (Aiuppa et al., 2008; Pyle and Mather 2009; 

Schiavi et al., 2006, Gennaro et al., 2019) and at Masaya (Martin et al., 2010; Moune et al., 

2010; Mather et al., 2006). In both cases H2O dominates, comprising 67 % (by mass) of emitted 

gas at Etna and 86.5 % at Masaya. CO2 makes up 21 and 6.7 % at Etna and Masaya respectively 

while SO2 (8.4 and 5 %), HCl (2.7 and 1.66 %) and HF (0.4 and 0.18 %) are significant minor 

species. 

These compositions were used in conjunction with the same speciation software (HSC 

chemistry) at 1 bar pressure and 1150 °C to calculate the expected major species of each element 

being emitted. Results, presented in Table 3, again show that speciation in the 2 volcanic 

systems considered is very similar to that in our experiments, notably for the most volatile 

elements Hg, Tl and Cd. Figure 8 shows a comparison between the observed fraction of each 

element remaining in the melt at 1300 °C and the mean volatility coefficient calculated from 
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the element loss behavior observed from field measurement of emissions from Etna and 

Masaya’s magmas when corrected for silicate fragments (Mather, 2015). As can be seen in 

Figure 8, there is a broadly good correlation between the experimental measurements of 

volatility and observations in natural systems. This correlation is very good in cases where the 

speciation is the same or similar in both cases, ie., for the elements Hg, Tl, Cd, and Ge. Outliers 

can generally be explained by differences in gas speciation. This is the case for Sb, which is 

more volatile in the natural examples because of the high HCl contents of the gases emitted and 

the stability of gaseous SbCl. This species is not calculated to be significant in the experimental 

environment. Similarly Pb appears to be less volatile in the experiments than in nature because 

of the low Cl content of the experimental gas. In contrast, Li is more volatile in the experiments, 

possibly due to the relatively high F content of the ampoule gas and the high stability of gaseous 

LiF.  

Arsenic, for which AsO is the dominant gas species in both experimental and natural 

environments is apparently more volatile in nature than would be expected based on the 

experiments. This is an example of the effect of oxygen fugacity on speciation. The oxygen 

fugacity in our experiments was approximately 1 logfO2 unit below the FMQ buffer (FMQ -1) 

(Supplementary Table S2) while oxygen fugacity at Etna and Masaya is estimated to be 2-3 

logfO2 units higher (Mather et al, 2006; Gennaro et al. 2019). Raising oxygen fugacity stabilizes 

gaseous oxide species such as AsO, leading to slightly enhanced volatility in nature as 

compared to our experiments. Other elements such as Cu, Ag, Zn, Cs, Sn and In lie close to the 

experiment-nature correlation despite having differences in their gaseous speciation. We note, 

however, that for these elements the most important species occurring in the experiments also 

tends to be one of the major species in nature which therefore explains the observed broad 

agreement in volatilities.  

In summary, we find that the volatilities determined in our experiments are generally a 

good model for measured magmatic metal degassing from basalts like Masaya and Etna and 

calculated values for condensation from the solar nebula.  This applies particularly to the very 

volatile elements Hg, Tl and Cd. The important new data generated here enable calculation of 

the equilibrium partial pressures of elemental species above natural basaltic melts and by 

extension the activities of the metal components in the melts themselves. Such data can be 

applied, for example, to degassing processes on asteroidal and planetary bodies in addition to 

volatile losses during terrestrial volcanism.  

 

4. Conclusions 
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Characterizing metal volatility from silicate melts is of broad geochemical importance 

in terms of understanding trace metal behavior during planet formation, ore-deposition and the 

volcanic emissions of metals. In order to develop such understanding we undertook experiments 

to investigate the volatilities of Hg and other volatile trace metals. We find that Hg, as Hg0 is 

almost instantaneously lost from silicate melts at 1 atm pressure, probably during heating to the 

solidus. In order to counteract this problem and allow study of the Hg degassing process we 

used the “sealed-tube” method of retaining Hg and other volatile elements in the atmosphere 

above molten silicate for periods of up to 24 hours at 1300 °C. Concentrations in the melt 

stabilize after <6 hours at 1300 °C (Figures 2 and 3) enabling us to calculate the equilibrium 

partial pressure of the species of an element of interest above a melt containing a known amount 

of that element. In this case we concentrated on Hg, but for comparative purposes added known 

amounts of Ag, As, Cd, Cr, Cs, Cu, Ga, Ge, In, Li, Pb, Rb, Sb, Sn, Tl, Zn, F and Cl to the 

starting basalt. Post-hoc analyses of the XANES spectrum of Fe in the quenched glasses 

revealed no change in oxidation state during the experiments, indicating that the oxygen 

fugacity remained about 1 logfO2 unit below the buffer throughout (Supplementary Table S2). 

The equilibrium partial pressure of Hg0 above basaltic melts containing ~100 ppb Hg at 

1300 °C and ~40 ppb Hg at 1400 °C was found to be about 150 Pa. This means that the Hg 

added to the starting material was >99 % degassed. Other volatile metals exhibit similar but 

less extreme volatility. Cd, for example, degasses 78 % of its inventory to 714 Pa of gaseous 

species in equilibrium with melt containing 71 ppm of the element (Table 2) while 77 Pa of Tl 

species (80 % degassed) are in equilibrium with 12 ppm of the element in the melt. The relative 

volatilities of the trace elements added to the melt follow the order 

Hg>>Tl>Cd>In>Zn*>Li>Cs>Cu*>As>Ag>Pb~Sn~Ga>Ge~Sb (asterisked elements uncertain 

and maximum possible volatilities adopted)  and are quantified in terms of melt concentration, 

gas partial pressure and fraction lost from melt to gas in Table 2. We found that F and Cl were 

almost completely vaporized from the melt into the gas phase where they formed stable gaseous 

halides with a number of volatile metals notably the alkalis. At oxygen fugacity close to FMQ, 

oxide gas species dominate for Tl, Ge, Ga, As, In and Sn while uncharged M0 species are major 

contributors to gaseous Hg, Cd, Zn, Cu, Pb, Ag, Sb and Rb in the experiments.  

In order to place our results into context we compared volatilities in our experiments 

with volatilities from open-system experiments. We found relatively good agreement with the 

Califano et al. (2025) and Norris and Wood (2017) volatilities obtained from 60 minute 

experiments at 1300 °C. We observed greater differences with the results of Sossi et al. (2019), 

but these differences are explicable by the higher surface area/volume ratio used in their study, 
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a factor that enhances volatile loss. We then compared our results with volatilities in two 

dramatically different environments. The first of these is the solar nebula, in which pressures 

were low (~10-4 bar) and elements condensed from H-rich gas into solid phases including Fe-

rich metal, FeS, olivine and feldspar (Wood et al., 2019). Despite the large differences in 

oxygen fugacity (9 logfO2 units) and in the nature of the condensed phases, silicate melt versus 

crystalline, there is a broadly good correlation between volatilities in our experiments and the 

condensation temperatures of the elements of interest from the solar nebula (Fig. 7). This 

agreement derives principally from similarities in the compositions of the gaseous species in 

equilibrium with the condensed phases and the fact that both condensation calculations and our 

experiments are closed-systems with continuous re-equilibration of gas and condensed phases. 

Gas species in these 2 cases are dominated by uncharged Mo species and halides MF and MCl. 

A second, comparison for our data is with measured volatilities during terrestrial volcanic 

degassing. We compared our volatility estimates with those calculated by Mather (2015) from 

gases/particles collected at Etna and Masaya volcanoes and lava concentrations (Fig. 8). In 

these cases the gases being emitted are rich in H2O and contain significant amounts of HCl and 

HF in addition to CO2 and SO2. Speciation calculations for the trace gaseous metals at these 

locations indicate that chloride species are significant for a number of metals (Cu, In, Pb, Sn, 

Ga, Sb, Zn) in addition to the alkalis (Table 3). Nevertheless, the species which dominate in our 

experimental charges are also significant in abundance for most of these elements in the natural 

conditions also. The consequence of this observation is that there is a good correlation between 

the volatilities measured in our experiments and those measured in nature. The principal 

elemental exceptions are Sb and Pb which are less volatile in the experiments than in the natural 

systems and Li which is less volatile in natural volcanic systems. These differences can be 

explained in terms of differences in the stable gas species between the experiments and the 

halogen-rich volcanic emissions. Most importantly however, Hg has the same major gaseous 

species, Hgo in all environments investigated. The same applies to the next two most volatile 

elements, the best comparators to Hg, the metals Tl and Cd. We conclude that, with one or two 

exceptions our experiments are a good model for metal volatilities in nature and that the major 

element composition of the gas, particularly its halogen and sulfur contents play an important 

role.  

 

In summary our experimental data confirm and emphasize the extremely volatile nature 

of Hg. Hg was by far the most volatile of the elements studied in our experiments, being >99 

% degassed in a few minutes at 1300 °C. This compares with 80 % degassing of Tl and 78 % 
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degassing of Cd. Our data are the first measurements of the partial pressures of trace volatile 

metals in equilibrium with known concentrations of the elements in the melt. Importantly, the 

data were obtained at known fugacity of oxygen, and approximately known concentrations of 

Cl and F in the gas phase. They therefore represent a starting point for quantitative calculations 

of volatility and volatile loss in volcanic and magmatic systems.  
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Figure captions 

Figure 1. Picture of an experimental ampoule which had been run (experiment FM 252) 

at 1300 °C for 30 minutes before quenching in air. 

 

 

Figure 2: Hg content as a function of time and experiment duration for two 

temperatures 1300 °C (A) and 1400 °C (B). Curves are only guides for the eyes to show 

Hg content decreasing from the initial Hg content (i.e., 93000 ppb) 

 

 

 

Figure 3: (A), (B), (C) and (D) show decline in concentration with time for Tl, Cd, In and 

Ag respectively, at 1300 °C. Note similar form to the decline observed for Hg, but lesser 

extents of total loss. 
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Figure 4. A and B shows the decline in concentration of the involatile elements Ni and 

Co respectively, in our experiments at 1300 °C. We believe that this is due to infiltration 

into and reaction with the alumina crucible. 

 

 

Figure 5. Concentrations of (A) Cu and (B) Zn, expected to be volatile, as a function of 

time and at 1300 °C. 

 

Figure 6. Comparison of volatilities, determined as fraction of element remaining Xt 

(Table S4) divided by initial concentration X0 from this study (Table 1) with literature 

data obtained under similar conditions of temperature (1300 °C), time (60 minutes) and 

for fO2 ranging from FMQ -1.0 to FMQ +1.7.  

 

  

Figure 7. Plot of fraction remaining in the melt at 1300 °C after 6-24 hours (plateau 

region in Figs. 2-5) versus the temperature at which the element of interest would be 50 

% condensed into solids in the solar nebula at 10-4 bar (Wood et al., 2019). 

 

 

 

 

Figure 8. The fraction remaining at 1300 °C in the melt after 6-24 hours (plateau region 

in Figs. 2-5) plotted against the Mean Volatility Coefficient (Mather 2015) estimated 

from measurements at Etna and Masaya. 
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