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ABSTRACT 

 

Volcanic degassing is one of the major emission sources in nature for atmospheric 

mercury, and the only one able to directly reach the stratosphere and troposphere. 

The actual magnitude of these emissions remains uncertain, due to the difficulties 

of accurately measuring the Hg from active volcanoes and the lack of published 

mercury analysis in volcanic rocks. It is critical to improve our knowledge on 

volcanic Hg behaviour and emissions to be able to establish the impact of these in 

the current and past atmospheric mercury budget. For that purpose, we need to 

understand how the volatility of mercury is affected under different conditions in a 

degassing volcano. This thesis attempts to overcome the difficulties of obtaining 

in- situ mercury analysis by producing, at high temperatures and pressures 

basaltic melts doped in mercury and other volatiles. There is no prior experimental 

record on mercury at high-temperature, due to the high volatility of this element, 

therefore, I have tested several experimental conditions and materials to 

counteract the evaporation of mercury during the synthesis of the glass and/or 

sulfide. These involve single-capsule and double-capsule assemblies. Additionally, 

I have performed a series of sulfide-silicate partitioning experiments for pressures 

ranging from 0.5 GPa to 2 GPa. These experiments seek to determine the 

pressure effect on the distribution of Ag, Cd, Co, Cr, Cu, Ga, Ge, In, Pb, Se, Sb, 

Tl, V, and Zn between both phases, and thus enhance the existing partitioning 

model that only considers melt and sulfide composition and temperature, as 

parameters. 
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Chapter 1. Introduction: Relevance of mercury degassing, gaps and 

challenges.  

 

Volcanic activity releases substantial quantities of trace elements into the 

atmosphere through magmatic degassing processes (e.g., Allard et al., 2000; 

Hinkley et al., 1999; Mather et al., 2012), which contribute significantly to the 

environmental reservoir of these. Trace-metals play a role in some biogeochemical 

cycles, as well as promoting the bio-productivity of certain species (Olgun et al., 

2013). However, these erupted substances include highly toxic elements that may 

enter living organisms through not only inhalation but also food consumption. Heavy 

metals are absorbed in the tissues of different species and passed through the food 

chain, increasing their concentration through bioaccumulation (e.g., Pb and Cd, 

Vinodhini & Narayanan 2008; Pb, Cd and Cu, Heikens et al., 2001; Hg, Bargagli 

2008).  

 

This study focuses on Hg, an element of very high toxicity, that has been 

progressively accumulating in the atmosphere due to both anthropogenic and 

natural causes: its atmospheric concentration has increased by more than three 

times since the industrial revolution (Mason et al., 1994; UNEP 2013), with 

estimates ranging from 842 Mg yr-1 (Pirrone et al., 2010) to 2500 ± 500 Mg yr-1, 

(Outridge et al., 2018). While human activities have an undeniable impact on these 

figures, natural sources are estimated to have an equal contribution (Outridge et al., 

2018). Volcanic emissions are one of the most important natural sources of Hg, but 
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the amount of Hg released in these emissions is not well constrained, and estimates 

vary from 0.1 to 1000 Mg yr-1; for example, Bagnato et al., (2015) estimated 76 ± 30 

Mg yr-1 including only quiescent volcanic degassing, Witt et al., (2008) estimated 74 

Mg yr−1 from basaltic volcanoes by extrapolation of in-situ measurements on Masaya 

volcano, and Pyle & Mather (2003) estimated ∼700 Mg yr-1 based on published data 

on active volcanoes. On top of that, Hg emissions might be dependent on the 

geotectonic setting of the eruption, with Hg influx from arc volcanoes estimated to 

be three times greater than that of non-arc volcanoes (Edwards et al., 2020). This 

could be a consequence of the volatilisation of Hg from subducting crustal material, 

which is relatively rich in mercury (30 ppb Hg, Rudnick & Gao 2014) under the 

increasing temperature (Bagnato et al., 2015 and references therein; Coufalík et al., 

2018; Edwards et al., 2020), however, there is not yet a definite answer to this 

apparent difference. The inconsistency of estimates is a significant drawback to 

understanding the natural Hg cycle, and an obstacle to planning actions to mitigate 

anthropogenic Hg emissions (Edwards et al., 2020). 

Determining how much and in which conditions Hg is released and distributed 

globally is pressing: mercury poses a severe risk to the human population and 

marine ecosystems (WHO 2003), particularly in the form of methylated organic 

mercury (MeHg, CH3Hg+). In marine ecosystems, organic mercury enters the 

ecological chain and severely affects aquatic biota, as it accumulates in different 

organisms and amplifies trophic levels, eventually being introduced into the human 

body, often via fish consumption (e.g., Perrault et al., 2014). 
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However, Hg has also been identified as a valuable chemostratigraphic tracer. 

Mercury is typically sequestered by organic matter in marine environments, and 

therefore, concentration spikes in sediments could represent an overwhelming influx 

of this element into the atmosphere from the elevated rates of volcanism, as in the 

case of Large Igneous Provinces or “LIP” (Grasby et al., 2016). Following this 

reasoning, the presence of high Hg to low Total Organic Carbon (T.O.C.) ratios, 

predating or synchronous to all five major extinction horizons (Sanei et al., 2012; 

Grasby et al., 2016; Bond & Grasby 2017; Percival et al., 2018; Clapham & Renne 

2019; Racki, 2020) might be linked to LIP-synchronous mass extinction events. The 

relationship between sedimentary Hg anomalies and LIP events has been explored 

and supported by several studies (Sanei et al., 2012; Percival et al., 2018; Jones et 

al., 2019; Racki, 2020 and references therein). Nonetheless, Hg anomalies do not 

correlate with all LIP events. Specifically, they seem to be related to LIPs that 

include the following characteristics: subaerial volcanism, explosive eruptions, and 

the production of thermogenic volatiles (Percival et al., 2015; Percival et al., 2018; 

Grasby et al., 2019; Racki 2020). To establish sedimentary Hg as a reliable tracer, 

further work is needed to understand how Hg is affected by the different volcanic 

processes and geotectonic settings. 

 

Unfortunately, our current knowledge of volcanic mercury fluxing is still scarce. 

Measurements are focused on a limited number of major emitters, such as Etna and 

Kilauea volcanoes, which provide only a partial view of global emissions (Bagnato 

et al., 2007; Mather 2015; Edwards et al., 2020). Furthermore, in-situ acquisition of 
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data is fairly limited, due to the difficulty in operating analytical equipment on 

volcanoes. This problem has been eased with the increase in usage of portable 

915+ Lumex direct mercury analysers (Lumex Instruments, St. Petersburg, Russia). 

This device can perform real-time identification of the Hg concentrations through 

AAS (Atomic Absorption Spectrometry) and allows for several hours of 

measurements (Kim et al., 2006) thus enabling continuous data logging of the 

element (Edwards et al., 2020). However, the scope of this analytical device is 

limited to Gaseous Elemental Mercury (GEM) or Hg0. Volcanic mercury emissions 

consist of TGM (Total Gaseous Mercury) and particulate mercury (Hg(p)). TGM is 

further divided into GEM (Hg0) and Reactive Gaseous Mercury (RGM) or HgII. While 

there is supported evidence that most of the TGM consists of GEM (e.g.: Landis et 

al., 2002; Witt et al., 2008; Bagnato et al., 2017), the proportion of RGM might vary 

in different eruptions and needs to still be accounted for. Gold-coated sand traps 

are used for collecting both GEM and RGM, whereas KCl denuders might be used 

for acquiring only RGM (Landis et al., 2002). Particulate mercury can be obtained 

through quartz microfiber mini traps (Witt et al., 2008). However, the referenced 

collecting techniques besides the Lumex are more time-constrained, and they are 

not able to perform analyses, with samples needing to be subsequently stored and 

analysed. 

Data from explosive eruptions are even more complex to obtain due to the challenge 

of collecting samples in such conditions. Sporadic eruptions have been estimated 

to add up to 75% of total volcanic Hg emissions, while the more infrequent and large 

explosive eruptions would constitute ∼15% (Pyle & Mather 2003). In particular, 
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these odd, large explosive eruptions are almost entirely injected into the 

stratosphere and provoke great perturbations in the atmospheric mercury reservoir 

(Pyle & Mather 2003). Therefore, improving the estimated values for these 

emissions is essential to understanding the actual contributions of volcanic activity. 

Current estimates of volcanic Hg emissions are based on plume Hg/SO2 ratios, and 

Hg/CO2 ratios in settings in which SO2 concentrations are low (e.g., fumaroles and 

diffuse emissions seeping through soils, Bagnato et al., 2014). Comparing mercury 

concentrations to SO2 can cause misleading Hg emission values, since the Hg/SO2 

ratios in a given plume will change during degassing, due to the fractionation of both 

as they incorporate in silicate melts differently (Bagnato et al., 2015). Furthermore, 

volcanoes that belong to the same geotectonic setting may show different Hg-SO2

patterns, due to the influence of certain halogens (e.g., F, I, Cl) on the speciation of 

Hg (Mather et al., 2012). 

Because of these uncertainties, there is an obvious need to improve our knowledge 

of the behaviour of Hg in pre-eruptive melts and of the factors that influence its 

degassing. Mercury is highly volatile, and it readily incorporates into the gaseous 

phase at high temperatures. As a result, it is barely present in the solid products of 

a volcanic eruption. In fact, the low concentration of this element and the difficulties 

that involve its analysis translate into the almost complete absence of mercury 

measurements for basaltic rocks. Only a small number of studies include Hg 

measurements in their trace-element analysis. Conversely, when Hg is measured, 

the rest of trace-element analysis is often not listed with it, thus impeding the search 
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for any potential elemental correlation between mercury and other traces. The 

increasing use of direct mercury analysers (DMA-80, Milestone; Lumex RA-915) will 

hopefully improve the availability of this data in the future.  

 

However, there is another way of increasing our knowledge of this topic that has not 

been explored due to its challenging nature, and that is the application of 

experimental petrology to generate the data we cannot easily obtain in nature. There 

is a complete absence of any record of experimental attempts at reproducing high-

temperature settings to observe Hg behaviour. This is due to its mentioned high 

volatility that hinders the synthesis of a mercury-doped glass at high temperature.  

 

This MSc (Res) project aimed to create synthetic glasses of basaltic composition, 

containing a selected amount of Hg and other trace elements, in order to ultimately 

empirically obtain the volatility coefficient of Hg under different experimental 

conditions. For these volatility experiments to be conducted, we need to first develop 

an experimental methodology that will allow us to systematically produce mercury-

doped glasses and find a reliable analytical technique to measure mercury 

concentrations in the glass. A number of sample cells and mixtures have been 

tested with very small success (Figure 1), which will be described in chapter 3. At 

the current stage, we are unable to satisfactorily retain the initial concentration of 

mercury in the mixture after melting or to obtain a consistent pattern of evaporation 

loss in our samples, however, these attempts have provided some insights into what 

temperature range and sleeve and capsule material would be more adequate to 
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maximise retention, as well as which analytical techniques should be used for an 

accurate determination of total mercury concentration. 

Along with mercury volatility, I studied the impact of sulfides in the preservation and 

distribution of mercury between two immiscible liquids of sulfide and silicate 

compositions. As Mercury is chalcophile (“sulfur loving”), it is likely to be critically 

impacted by the presence of sulfides in the magma. MORBs, which are sulfide 

saturated (Smythe et al., 2017), are common in LIP type events. Therefore, as the 

Hg—S interactions might significantly influence the degassing of this element, it is 

also important to determine how this element distributes between silicate and sulfide 

melts at high-temperature/high-pressure conditions, at equilibrium. To observe this 

process, I performed several experiments via a piston-cylinder press (Boyd & 

England 1960) and measure the concentration of Hg in both phases in the final melt. 

This data will also contribute to the improvement of the thermodynamic model 

developed in Kiseeva & Wood (2013; 2015) for chalcophile and lithophile elements 

into sulfide melt. This model (Kiseeva & Wood 2013) establishes that the sulfide-

silicate partitioning coefficient (𝐷𝑀
𝑆𝑢𝑙𝑓/𝑆𝑖𝑙

) of a given trace-element 𝑀 and the

concentration of FeO in the silicate phase is related to the FeO concentration in the 

silicate through the following expression: 

𝑙𝑜𝑔(𝐷𝑀
𝑆𝑢𝑙𝑓/𝑆𝑖𝑙

) ≈ 𝐴 +
𝑛

2
𝑙𝑜𝑔[𝐹𝑒𝑂]𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒  (eq. 1) 

Where 𝐴 is a constant related to the free energy of the 𝐹𝑒 𝑠𝑢𝑙𝑓𝑖𝑑𝑒 − 𝑀𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒

exchange reaction, 𝑛 is a constant related to the valence of the element (𝑛 ~ − 1  for 
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+1 ions, 𝑛 ~ − 2  for +2 ions, etc.), and [𝐹𝑒𝑂]𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 is the FeO content in the silicate,

expressed in wt% or mol % (See chapter 4. section 1) 

The experiments carried out here had the goal to account for the effect of pressure 

by testing its effect on a set of selected trace elements. The pressure-effect was 

tested by reproducing the methodology described in Kiseeva & Wood (2013; 2015) 

at different pressures for a small temperature range, for a silicate mixture with 

chalcophile, lithophile, and siderophile elements. 

The better the understanding we acquire from the behaviour of these elements in 

the different magmatic scenarios, the more accurately we will be able to reconstruct 

the magmatic history of these elements from their distribution and abundance in 

natural samples. Ultimately, given that Hg shares many chemical properties with 

other chalcophiles (affinity to the sulfide phase, high volatility, similar atomic number 

in the case of Tl, Pb or Bi, etc.), there is a chance that the behaviour of some of 

them could be comparable to that of Hg, too. Therefore, comparing these elements 

could help find a useful proxy for mercury. 
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Figure 1. Cross-section of all the sample cells used for the different piston cylinder 
experiments. 

Figure 2. Cross-section of all the sample cells used for the different piston cylinder
experiments.
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Chapter 2. Preliminary tests:  Analytical techniques and optimisation of 

measurements. 

2.1. Assessment of LA-ICP-MS to measure Hg concentration in basalts. 

Before attempting any sort of volatilisation or partitioning experiment, we need to 

establish a consistent and accurate way to measure mercury concentrations in 

melts. That is, we need an analytical technique that will provide reliable 

measurements that agree with the concentrations expected in the 

standards/samples, that is easily reproducible, and coherent through a series of 

measurements, can yield results relatively rapidly, and is not affected by 

interferences with other elements. We evaluated the capacity of Laser Ablation 

Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) first, as it can perform 

(almost) non-destructive analysis of specific spots in the sample, can target specific 

phases via spot measurements, provides detailed data for most elements in the 

periodic table, can process several samples during a single session, and requires 

almost no preparation other than a rough polish of the surface of the samples. 

To test the capacity of LA-ICP-MS, we prepared a series of mixtures of Icelandic 

basalt (Norris 2016) and analytical grade HgO powder at different concentrations:  

100,000, 10,000, 1,000, 660, 100, 66, 33, 10, 6.6, and 3.3 ppm HgO. The powders 

were finely ground with an agate mortar, mixed with PVA, dried at 110ºC for 2h, and 

pressed into pellets of 2 mm diameter. The pellets were mounted in acrylic resin 

and polished down to 3µm with synthetic diamond grease and ethanol. In a 

successful outcome scenario, the different concentrations should show an increase 
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in detected counts per second (c.p.s.), correlated to the increasing concentration. 

Since the pellets were made from raw, unheated HgO and rock powder, if any loss 

of Hg occurred, it would be due to volatilisation induced by the high temperatures 

reached during ablation. 

We also tested a preliminary run of our future high-temperature/high-pressure 

experiments on the piston-cylinder press, by loading a 1 wt% HgO-bearing Icelandic 

basalt mixture (IBC0/ glass A000, Table 1) in a platinum capsule. The capsule was 

welded and placed in the centre of a graphite tube furnace of 8 mm O.D. and 6 mm 

I.D. –outer and inner diameter, respectively –supported by a pedestal of crushable 

MgO, and a MgO piece with a 1.6 mm cast hole, on top of it. All of the pieces were 

custom-made to be tightly fitted. The graphite furnace works as a uniform electric 

heat generator within the sample cell. The assembly was set inside a 12.5 mm O.D., 

8 mm I.D CaF2 pressure medium (Figure 1. h.), which supports the assembly while 

transmitting the pressure exerted through the experiment to the capsule (Vlach et 

al., 2019). The sleeves were manufactured from a CaF2-PVA powder mixture, 

pressed, and then fired at 800o C for 20-25 minutes at 1 atm in a box furnace to get 

rid of the PVA glue. The assembly was wrapped in thin Pb foil (<0.05 mm), to 

minimise the effect of friction —this friction can increase the actual pressure upon 

the capsule and needs to be corrected (“friction-correction”, McDade et al., 2002). 

The temperature of the capsule was monitored throughout the experiment with a 

fitted C-type W95Re5–W74Re26 thermocouple threaded inside a four-bore custom-

made insulator. The thermocouple was connected to the upper surface of the 
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capsule through the drilled MgO piece. A MgO-disc insulator of ~0.5 mm thickness 

was placed on top of the Pt capsule. 

The Pt capsule was welded prior to the assemblage of the sample cell to ensure 

that the sample will be in a closed environment and reduce potential contamination. 

The mixture was melted at 1450º C and 1.5 GPa for 10 minutes —with an end-

loaded Boyd-England type piston-cylinder apparatus at the University of Oxford. 

The resulting glass (A000, Table 2) was mounted and polished in the same fashion 

as the pellets, to be analysed under LA-ICP-MS. 

All of the LA-ICP-MS analyses were carried out with the PerkinElmer NexION® 

300/350 ICP-MS (Perkin-ElmerSCIEX Instruments, Concord, Ontario, Canada) in 

an argon environment, at the University of Oxford. We measured all samples at a 

10Hz repetition rate, and for the powder and glass samples containing 100,000 ppm, 

10,000 ppm, 1000 ppm, and 100 ppm, we included 4 spots per order of magnitude 

at 10Hz. The analyses were calibrated against the reference glass NIST610 and 

normalised to 43Ca, due to it not having any interferences from other elements. The 

signal for most of the isotopes and samples often produced a spiky graph, where 

the greatest peak quickly decreased in height afterwards. This sudden drop after 

the peak could correlate with the rapid loss of mercury from the sample due to the 

high temperature of the beam. Therefore, we tested two scenarios, one in which the 

peak was included (Figure 2. b, c), and another one including only the c.p.s. 

detected after this peak (Figure 2. a). The datasets (Mean Raw c.p.s. background 
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subtracted) were plotted against the added mercury and showed positive trends with 

the increasing added Hg (Figure 2). The linear regressions for both scenarios 

showed acceptable fits for most isotopes at a 10Hz repetition rate, but the R2 values 

were marginally higher for the data series that included the initial peak (Figure 2. b). 

The dataset including the initial peak also had a greater variance in results for all 

concentrations below 1 wt % Hg, with average c.p.s. that fall within each other’s 

error (Figure 2. b). The isotope 201Hg produced the best fit in both cases, with this 

being the fourth most abundant isotope of Hg (13.17% abundance). The analyses 

performed at 5Hz provided lower regression coefficients (Figure 2. c), however, this 

included pellets of lower Hg concentration than the former measurements (3.3 ppm 

to 100 ppm) which might have produced an unreliable signal. Therefore, it is 

reasonable to assume that the capacity of LA-ICP-MS to measure Hg 

concentrations is severely limited for mercury contents below 100 ppm. 

The 1450º C glass rendered slightly lower c.p.s. values than the powder pellet 

counterpart for most isotopes, except for 196Hg and 198Hg, as well as a greater 

standard deviation for most isotopes (Figure 2. d). 
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2.2. Assessment of Lumex RA-915+ multifunctional mercury analyser. 

 

The concentrations of the mixtures containing 10 ppm, 6.6 ppm, and 3.3 ppm, as 

well as the 1 wt. % Hg in the glass (finely ground), were also determined by thermal 

decomposition assisted atomic absorption spectrometry (AAS) with the Lumex RA-

915+ multifunctional mercury analyser with pyrolysis unit, at the University of 

Oxford. Four igneous reference samples were analysed including BEN-12, BR-45.5 

(Basalts with 12 ppb and 45.5 ppb Hg concentration respectively), GA-56.6, GH155 
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Figure 2. Average log (201Hg/43Ca) for the samples containing 100, 1000, 10,000, and
100,000 ppm mercury measured at 10Hz a) not including initial peak, b) including initial 
peak. c) Average log (202Hg/43Ca) for all the powder samples, measured at 5Hz and including 
the initial peak, d) comparison between the 1 wt. % Hg powder and the 1 wt. % Hg glass 
measured at 5Hz for every isotope 

Figure 4. Average log (201Hg/43Ca) for the samples containing 100, 1000, 10,000, and
100,000 ppm mercury measured at 10Hz a) not including initial peak, b) including initial
peak. c) Average log (202Hg/43Ca) for all the powder samples, measured at 5Hz and including
the initial peak, d) comparison between the 1 wt. % Hg powder and the 1 wt. % Hg glass
measured at 5Hz for every isotope
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(Granites with 56.6 ppb and 155 ppb Hg content) —provided by the BCR 

(Community Bureau of Reference, Brussels). The Hg concentration of these 

samples had been previously determined via AAS with the direct mercury analyser 

Milestone DMA-80, which includes an amalgamation step (Marie et al., 2015). In 

addition, we used two NIST sediment standards: 1944 New Jersey Waterway 

sediment (3.4 ppm Hg) and 2782 Industrial sludge (1.1 ppm Hg) to calibrate the 

measurements. The basaltic reference samples provided concentrations within 0.2 

and 2 ppb from the expected value, whereas the felsic standards recorded values 

that did not agree with their actual compositions (15.6 to 17.6 ppb less than the 

expected for GA-56.6 and about 150 ppb less for the GH-155) — such a difference 

could be due to the coarser grain size observed in the granite standards, as we 

show later that there is a difference in mercury release in function of grain size 

(Fostier & Melendez-Perez 2013 and this thesis, section 2.3). The results for the 

powder mixtures were closer to the experimental compositions: 6.07 ppm for the 10 

ppm HgO, 4.55 ppm for the 6.6 ppm HgO, and 3.29 ppm for the 3.3 ppm HgO. 

However, the A000 glass showed evidence of extensive volatile loss, displaying only 

85.2 ppm, indicating a 99.1 % mercury loss over the initial concentration. This loss 

of Hg suggests that Hg is lost from the experimental setup. 

From the concentrations obtained, the Lumex direct mercury analyser provides 

reliably consistent measurements, as demonstrated by the nearly perfect replication 

of the results of Marie et al., (2015) for the basalt samples. The low mercury 

concentration in the glass sample (85.2 ppm, with a Hg loss of 99.1%, Table 2) 
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however, seems to signal that the mercury loss occurred during the high 

temperatures melting. 

The Lumex mercury analyzer requires no more preparation of the analyte than 

grinding the glass into fine powder, and the measurements are obtained within a 

couple of minutes. The instrument provides exclusively total mercury 

concentrations, which is advantageous due to the simplicity of data post-processing, 

but insufficient for more detailed analytical work—spot or line measurements, multi-

elemental analysis, etc. The sample is partially combusted during every 

measurement, which degrades the material and prevents further analysis of the 

same. Finally, the apparatus cannot bear very high concentrations of mercury, so 

the input mass needs to be considered in the case of analysing a relatively Hg-rich 

powder. 

For the LA-ICP-MS measurements, while the samples with concentrations over 100 

ppm yielded data with good correlations, the samples of lower concentrations did 

not. Since natural basaltic rocks are hosts of less than ~10 ppb Hg (Canil et al., 

2014; Coufalik et al., 2018), this technique might not be as adequate as the Lumex 

mercury analyzer, which was able to obtain concentrations down to just a few ppb 

from the tested standards. Additionally, the LA-ICP-MS poses some challenges 

such as spectral interferences —196Pt, 198Pt, and 204Pb might present as 199Hg, 

198Hg, and 204Hg (Wojciechowski et al., 2008), potential volatilization of Hg due to 

the high temperatures reached during ablation, dispersion of the already low 

concentration of mercury due to the presence of seven Hg isotopes, and insufficient 
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ionization of mercury due to the relatively small difference between the ionization 

potential of Argon (15.76 kJ mol-1) and Hg (10.6 kJ mol-1). Furthermore, LA-ICP-MS 

is a costly technique that requires greater sample preparation and longer time spent 

in acquiring the data. On the other hand, the Lumex direct mercury analyser offers 

a straightforward and fast way of obtaining mercury concentration measurements 

down to even a few ppb, with virtually no sample preparation. Given the accuracy 

of the Lumex and its unique advantages, we decided to carry out all future total 

mercury analyses through this technique. 

2.3. Optimization of total mercury measurements with respect to grain size 

and sample mass. 

The signal detected by the Lumex analyser is dependent on grain size. The effect 

of granulometry in direct mercury analysers has already been tested for soil samples 

(e.g., Fostier & Melendez-Perez 2013), concluding that finer grain-size fractions 

produced higher concentrations. Repeated grinding of samples and sieving into 

different subgroups maximises homogeneity for every sample fraction. The smaller 

the particle size, the larger surface area to volume ratios, thus allowing more 

efficient pyrolysis and Hg release. To establish the optimal grain size for our 

samples, the glasses B001, A001, and A002 (see chapter 3, section 1.1 and table 

1 & 2) were sieved into four different grain size fractions: 500 µm, 354 µm, 250 µm, 

and 125 µm. The results show higher concentrations for grain sizes <354 microns 

(Table 2), however, some of these data points are within error of each other and 

therefore the trend is not completely reliable for the grain size-fractions smaller than 

354 microns. Two basalt reference standards were used including BEN-12, BR-45.5 
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— provided by the BCR (Community Bureau of Reference, Brussels). As well as a 

sedimentary standard containing ~300 ppb Hg. 

The glass B001 showed values below 50 ppb for all grain sizes with very small 

variation for the different grain-size fractions, and a Hg loss percentage of 99.99% 

(Table 2). This is the only glass product created by melting at 1 atm, and the low 

concentrations obtained mean that almost all the mercury in the starting composition 

had evaporated during the experimental run. Additionally, only one measurement 

per grain-size group was carried out, which lowers the reliability of this relationship. 

Despite the small data sample, based on the observations from literature and our 

results (Figure 3. a), we decided to set the granulometry criteria to ≤ 250-354 µm for 

all the subsequent experiments. 

It is relevant to mention that the process of sieving led to major losses in sample 

mass during its preparation, due to the high static electricity of the tools employed 

and the glass particles. The small grains became attached to any surface of the 

tools employed for handling or processing them, which required a great effort to 

recover, even in combination with ethanol washes and ultrasonic baths. This extra 

manipulation likely increased background contamination. In future experiments, 

using an AC ioniser to neutralise the charge of the tools would reduce these 

problems significantly (Koizumi et al., 2010). 
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Ultimately, we need to account for the potential error caused during the grain size 

fraction’s manual separation. Before establishing a proper calibration of grain-

size/mercury release, these experiments and sieving should be replicated to create 

a greater number of data points, as well as accounting for the human and 

instrumental error. 

Regarding the impact of the mass input in the analyser, we calculated the average 

Hg concentration for every mass input in the analyser. A001 and B001 were only 

measured one time per grain-size fraction and mass input. However, the 

concentrations displayed for A002 were averaged from various subgroups of 

measurements  that  were  carried  out  with  masses  ranging  from  1  to  6.5 mg.

Figure 3. b, seems to show that measured amounts of 1 to 3 mg translate into higher 

Hg concentration readings than larger mass inputs for the glass A002. However, 

this skew is not reflected in A001, and it could be explained by the fact that the 

experiment A002 also retained the most mercury, and that most of the 

measurements done on mass inputs below 3 mg belong to that sample. The 

evaluation of the effect of input mass is not conclusive and does not show any 

reliable trend since both A001 and A002 provide opposite results. Besides, the 

accuracy of the balance used at such low quantities may be questionable, which 

could invalidate any judgment for the different mass inputs in the range from 1 to 10 

mg. It is noteworthy that for samples with an initial concentration of Hg >1 wt%, 
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masses much greater than 1 mg could trigger problematic low radiation warnings 

on the detector, which invalidate the measurement —See chapter 5, section 5.2.2. 
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Figure 3.  (Above) a) Grain size in microns, versus average Hg concentrations 
for the experiments A001, A002, and B001.  B001 has lost virtually all mercury 
upon melting.  X-axis refers to the grid sizes used to physically separate the 
different particles. b) Mass (mg) input in the analyser against the average Hg 
concentration averages for the same samples. A001 and B001 could only be 
measured once per grain-size fraction group.  

The concentration values were averaged per increments of 0.5 mg of mass, 
regardless of grain size. Vertical error bars stand for the standard deviation of 
the concentration averages in a) and b), and horizontal error bars in b) stand for 
the standard deviation of the measured masses. The incoherence between the 
trends and A001 and A002 seems to be related to grain size rather than mass 
(see labels in A001 for grain size), however, within A001, there is an increase in 
concentration at masses < 3 mg. 



30 

2.4. Summary. 

We tested two different analytical techniques for the measurement of Hg in our 

experiments: LA-ICP-MS, and direct mercury analysis through AAS with thermal 

decomposition (Lumex RA-915+ multifunctional mercury analyser). 

While LA-ICP-MS showed promising results (Figure 2. a & b) for the measurement 

of Hg concentrations over 100 ppm, it did not perform as well when presented with 

smaller concentrations. This might be mainly due to Hg having seven stable 

isotopes, which significantly reduces the amount of Hg that can be detected per 

isotope and that cannot be distinguished from the background signal. As the Hg 

concentration in natural basalts is several orders of magnitude lower than 100 ppm 

(~10 ppb Hg, Canil et al., 2014; Coufalik et al., 2018), the LA-ICP-MS is too limiting 

for our interest. 

The Lumex direct mercury analyser, on the other hand, was accurate down to a few 

ppb and provided consistent results for the measured basalt standards. Due to the 

logistic and analytical advantages of the Lumex device (section 2.2.

Assessment of Lumex RA-915+ multifunctional mercury analyser.), we 

carried out all our total mercury analyses in silicate glasses using this technique. 

Ultimately, we tried to improve our total mercury concentration measurements when 

using the Lumex analyser by looking for the ideal grain size and mass input for 

mercury release during combustion. Based on our limited data (Figure 3. a) and the 

literature (e.g., Fostier & Melendez-Perez 2013), we set the ideal grain size at under 

354 microns. 
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Chapter 3. Volatility experiments. 

In this chapter, we describe all the different attempts at keeping mercury in silicate 

glass after high-temperature melting. The different compositions are named IBC0, 

IBC1, etc., and are made by mixing different concentrations of Hg in the form of HgO 

and a number of other trace elements as oxides into Icelandic Basalt rock powder 

(Table 1). The glasses are named after the apparatus used and the run number ‘n’: 

B00n for box furnace runs, and A00n for piston-cylinder press runs (Table 2). The 

suffix “IBTS” will indicate Icelandic Basalt Time Series, and 2 digits will be appended 

to indicate the runtime in minutes (Table 2). 

Table 1. Summary of all compositions and the experiments in which they were used. 

Composi-

tion 

Mercury 

concentra-

tion (ppm) 

Other elements Sulfide Experiments 

IBC0 9742.33 A000 

IBC1 9981.98 Tl, Ag, Ge, Se, Sb, and Cd B001 

IBC2 1023.17 Tl, Ag, Ge, Se, Sb, and Cd A001, A002 

IBC3 999.00 Tl 
A003, A004, 

A005 

IBC4 999.00 Tl FeS 
A006*, A007*, 

A008, A009 

IBC4+HgS 87100.00 Tl 
FeS, 

HgS 
A011 

IBC5 86000.00 Tl HgS A010 
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IBC8 0 
Tl, Ag, Ge, Se, Sb, Cd, Cu, Ga, 

In, Pb, Zn, Cr, V, and Co 
FeS A012, A013 

* Indicates failed experiments.

Table 2. List of Hg concentrations measured with Lumex in the silicate for all Hg-bearing 
samples produced in this project. 

σ – Standard deviation 

n – number of measurements 

Name 

Hg 

concentra-

tion (ppm) 

 σ(n) 
Hg loss 

(%) 
Sleeve 

Time 

(min) 

Pressure 

(GPa) 

Temperature 

(oC) 

A000 85.4 0.035(3) 99.99 CaF2 10 1.5 1450 

B001 36.2 14.5 99.99 No sleeve 3 1 atm 1300 

A001 _250 128 (1) 

93.2693 

CaF2 60 1.5 1375 

A001_354 46.2 (1) CaF2 60 1.5 1375 

A001_500 32.4 (1) CaF2 60 1.5 1375 

A002_125 243.6 70.14(4) 

76.7391 

CaF2 30 1.5 1375 

A002_250 214.3 41.33(3) CaF2 30 1.5 1375 

A002_354 283.5 52.50(2) CaF2 30 1.5 1375 

A002_500 149.5 1.50(2) CaF2 30 1.5 1375 

IBTS60 0.118 0.06(2) 99.99 NaCl+Pyrex 60 1.5 1425 

IBTS30 0.566 0.16(2) 99.98 NaCl+Pyrex 30 1.5 1425 

IBTS10 0.257 0.18(2) 99.96 NaCl+Pyrex 10 1.5 1425 

IBFeS10 0.010 (1) 99.99 NaCl+Pyrex 10 1.5 1425 

IBFeS40 0.373 (1) 99.99 NaCl+Pyrex 40 1.5 1425 

IBFeSHgS20 134 37.65(4) 99.96 NaCl+Pyrex 20 1.5 1425 

NiC1 1.22 (1) 99.99 CaF2 60 1 1200 

NiC2 41.20 (1) 99.99 CaF2 60 1 1200 
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3.1. Methods.

3.1.1. Preliminary experiments: Glasses A001, A002 and B001. 

To find a potential correlation in the geochemical behaviour of Hg and other 

chalcophile elements, we added Hg and chalcophile trace-elements to the same 

Icelandic basalt powder, in the form of analytical grade oxides (Tl2O3, Ag2O, GeO2, 

SeO, Sb2O3, and CdO), at 1000 ppm concentration to create the mixtures “IBC1” 

and “IBC2” (Table 2), and added 1 wt % HgO to IBC1, and 1,000 ppm HgO to IBC2. 

The additional elements were chosen for their chemical similarity to Hg (affinity to 

sulfur, high volatility, and even similar atomic number in the case of Tl), to explore 

similarities in their behaviour. Each of the mixtures was ground with ethanol four 

times to ensure homogenisation. IBC1 was melted at 1 atm and 1300ºC for 3 

minutes in an alumina crucible (glass B001, Table 2), whereas IBC2 was used as 

the starting material for two piston-cylinder press experiments at 1.5 GPa and 

1375ºC: A001 (1h) and A002 (30 minutes) (See Table 2). 

For both A001 and A002, the rock powder mixture was loaded into a 6 mm diameter 

graphite capsule and dried overnight at 110ºC. The Pt capsule used in the trial 

experiment most likely served as a sink for mercury, as it has been shown that it 

can be absorbed into the structure of platinum at temperatures above 150oC 

(Fertonati et al., 1999: Granite & Pennline 2006) and the Hg loss for this experiment 

was over 99% (Table 2). To clarify this process, a different experiment should be 

run at a range of temperatures with a HgO-only powder loaded Pt capsule, and the 
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concentration of this element measured with LA-ICP-MS. We did not undertake this 

within this project. 

To prevent the undesirable dissolution of Hg into the Pt structure, we used a graphite 

capsule in all the subsequent experiments. Albeit this approach had the downside 

that it could not be completely sealed. 

The experimental cell consisted of a graphite furnace packed with MgO pieces and 

surrounded by a thick CaF2 sleeve (Figure 1. b). Additionally, A002 also included 

two Fe2O3 pressed discs on the top and bottom of the graphite capsule with the goal 

of maximizing the anhydrous character of the experiment (Figure 1. c). The A001 

glass was mounted in acrylic, polished down to 1 µm, and carbon-coated for SEM 

(Scanning Electron Microscopy) imaging. 

3.2.1.    Second batch of experiments: Silicate time series or “IBTS”. 

We carried out another series of experiments to parameterise the potential effect of 

run time on the evaporation of Hg from the glass. The run lengths were 1 h (A003, 

IBTS60), 30 min. (A004, IBTS30), and 10 min. (A005, IBTS10) (See Table 2). 

We attempted to improve the methodology applied in section 3.1.1. by correcting 

the issues arisen with A001 and A002. Because we observed with SEM the 

formation of metallic phases containing Hg, Ag, Sb, Ni, Se, and Tl in the A001 glass, 

the new Icelandic basalt mixture contained only 1000 ppm of Tl and Hg each (IBC3, 

Table 1). This powder was prepared as described in the previous section, loaded in 

6 mm graphite capsules, and dried overnight at 110ºC. 
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I ran all experiments at 1.5 GPa. To reduce the risk of formation of metallic phases 

in the glasses, we increased the run temperature to 1425ºC. The sample cell was 

also modified to optimise the transmission of pressure: the CaF2 was replaced by a 

12.5 mm O.D. and 10 mm I.D. NaCl outer sleeve and a pyrex 8 mm I.D. tube as an 

inner sleeve (Figure 1. d). The salt sleeves were manufactured from reagent-grade 

NaCl powder that had been kept at room temperature to preserve some of the 

moisture. NaCl requires a very low friction correction (3%, McDade et al., 2002), 

while the Pyrex insulator provides a separation layer between the salt and the 

graphite heater, to prevent the potential intrusion of the salt in the core of the sample 

cell. However, it is also unstable at high pressures, melting at just above 1000ºC at 

1.5 GPa (Akella et al., 1969), and therefore, all the experiments presented shearing 

parallel to the compression and NaCl intrusion in the furnace. However, all the 

capsules remained intact. 

The resulting glasses were ground into fine powder under 354 µm with an agate 

mortar and sieved for homogeneity. 

3.2. Analysis, results, and discussion. 

Experiment A001 presented metallic and silicate phases which were observed with 

reflected microscopy and later characterised with SEM. The metallic phases 

contained variable amounts of Hg, Ag, Sb, Ni, Se, and Tl, while the silicate phases 

were olivine. No other glasses presented metallic phases and therefore no further 

analysis of this kind was conducted. 
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Both A001 and A002 Hg concentrations were determined with the Lumex RA-915 

mercury analyser. The standards used for the calibration were NIST 1944 New 

Jersey Waterway sediment (3.4 ppm Hg) and 2782 Industrial sludge (1.1 ppm Hg) 

and the BCR’s BR 45.5 (45.5 ppm Hg). When compared against their initial 

concentrations, the mercury loss was 93.27 % and 76.74 % for A001 and A002 

(Table 2) respectively. The effect of grain size has already been discussed in 

chapter 2, section 2.3, and established to be optimal for our measurements when 

this is < 354 µm. 

To analyse the time series, we used the NIST reference standard SRM 2587 Trace 

Elements in soil containing lead from paint (290 ppb), and the basalts BR —45.5 

and BE-N— 12 for our calibrations and an input mass between 9 and 19 mg of 

synthetic silicate glass powder per measurement. Due to the limited size of the 

samples, our data points were just a couple per glass, all obtained Hg 

concentrations ranged between 0 ppb and 726 ppb, with no consistent values 

obtained between measurements of the same experiment (e.g., IBTS10 recorded 

74 ppb and 441 ppb, table 2) or across the series (Figure 4). On top of this, the 

mercury loss for all samples was > 99.96% (Table 2). 

In addition to this, there is no clear pattern shown of mercury loss in function of time 

and since the variance between measurements is so significant, the regressions are 

not reliable (R2 ~ 0.16, Figure 4). 
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With these experiments, we show that the high volatility of Hg is a great drawback 

when carrying out experiments at high temperatures. However, we cannot predict 

future losses from the evaporation of mercury since the results obtained were not 

consistent enough to establish a reliable relationship between the different 

experimental conditions and the Hg loss to evaporation. 

Using a low friction support medium like NaCl and pyrex did not improve the 

retention of Hg for the IBTS series. In fact, the experiments A001 and A002, which 

were produced with a CaF2 thick sleeve, at a lower temperature than the IBTS ones, 

presented the smallest Hg loss (Table 2). Nevertheless, the use of an unwelded and 

permeable graphite capsule seems to contribute to the loss of Hg. A metallic, welded 

capsule might prevent this, but this will be another challenge to solve, due to the 

yIBTS = -3.7382x + 438.61
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predisposition of Hg to form alloys with virtually all metals except for iron —which 

would make it harder to control the redox conditions of the experiment. 

3.3. Summary and further thoughts. 

We performed piston-cylinder experiments on HgO-bearing Icelandic basalt rock 

powder mixtures. The first attempt included a mix of trace-elements that produced 

a heterogeneous glass with metallic inclusions, which is undesirable and can be 

avoided in future experiments by removing elements that might form such 

heterogeneities in the glass. 

We conducted the experiments with two kinds of sample assembly: one supported 

by a thick CaF2 sleeve (A001 and A002, figure 1. b & c), and another one supported 

by a NaCl thin sleeve and a borosilicate glass tube insulator (IBTS, figure 1. d). The 

latter was used with the objective of maximising the transmission of pressure into 

the capsule. A graphite capsule was used in all the runs, as opposed to the Pt 

capsule used for the A000 trial experiment, so that potential loss of Hg to the capsule 

was prevented. 

While all silicate glassed presented major loss of Hg (>93 %, Table 2), the A002 

experiment retained the most mercury —~23% over the initial input of 1000 ppm. 

This glass was synthesized at 1375o C and 1.5 GPa, for 30 minutes. Additionally, 
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the A002 sample cell was the only one that had Fe2O3 on the top and bottom of the 

capsule. 

The IBTS time series preserved very small amounts of Hg and did not show any 

trend relating to runtime (Figure 3). 

All in all, it is clear that for the range of experimental conditions explored, Hg tends 

to be almost completely lost to evaporation, and using a ‘frictionless’ sample-cell to 

increase the transmission of pressure does not improve the retention. Nonetheless, 

A002 might open a more promising path to reducing the loss of Hg at high 

temperature, and therefore more experiments should be conducted replicating the 

described sample-cell. 
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Chapter 4: Sulfide-silicate partitioning experiments. 

The following section describes the experimental methodology used to study the 

distribution of 14 trace elements of diverse geochemical nature, in a sulfide-silicate 

system at equilibrium for a range of pressures from 0.5 GPa to 2 GPa. These 

samples will be referred to as “SSP suite”, that is, “Sulfide-Silicate Partitioning 

suite”. 

4.1. Sulfide-silicate partitioning model: theoretical background. 

The experiments are an extension of the sulfide-silicate partitioning model 

developed by Kiseeva & Wood (2013), which establishes that the tendency of 

chalcophile elements to partition into the silicate phase is linearly dependent on the 

FeO concentration in the silicate melt when the phases at equilibrium are sulfide-

rich liquids and anhydrous mafic melts. 

Since the concentration of FeO in the silicate melt is heavily related to the content 

of available oxygen in the system, this model uses the concentration of FeO as a 

proxy for oxygen fugacity to estimate the sulfide-silicate partition — or distribution 

— coefficient, 𝐷𝑀
𝑆𝑢𝑙𝑓/𝑆𝑖𝑙

, for a given element 𝑀 with a valence 𝑛. Typically, the

exchange reaction of 𝑀 between two immiscible sulfide and silicate liquids is 

expressed in terms of oxygen and sulfur, 

 𝑀𝑂𝑛

2
+

𝑛

4
𝑆2 =  𝑀𝑆𝑛

2
+ 

𝑛

4
𝑂2   (eq. 2) 

𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 𝑠𝑢𝑙𝑓𝑖𝑑𝑒      𝑠𝑢𝑙𝑓𝑖𝑑𝑒 𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 
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Nevertheless, if we express the partitioning reaction terms of Fe species as stated 

by Kiseeva & Wood (2013), 

𝑀𝑂𝑛

2
+

𝑛

2
𝐹𝑒𝑆 =  𝑀𝑆𝑛

2
+  

𝑛

2
𝐹𝑒𝑂  (eq. 3) 

𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 𝑠𝑢𝑙𝑓𝑖𝑑𝑒      𝑠𝑢𝑙𝑓𝑖𝑑𝑒 𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 

the partition coefficient can be expressed as follows: 

𝑙𝑜𝑔(𝐷𝑀
𝑆𝑢𝑙𝑓/𝑆𝑖𝑙

) ≈ 𝐴 +
𝑛

2
𝑙𝑜𝑔[𝐹𝑒𝑂]𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒   (eq. 4) 

Here, 𝐴 is a constant related to the free energy of the 𝐹𝑒 𝑠𝑢𝑙𝑓𝑖𝑑𝑒 − 𝑀𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒

exchange reaction, 𝑛 is a constant related to the valence of the element (𝑛 ~ − 1 

for +1 ions, 𝑛 ~ − 2 for +2 ions, etc.), and [𝐹𝑒𝑂]𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 is the FeO content in the

silicate, expressed in wt% or mol %. 

If we express the partitioning process in terms of the exchange reaction 𝐹𝑒 𝑠𝑢𝑙𝑓𝑖𝑑𝑒 −

𝑀𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 as in equation 2,  the ratio 𝑓𝑠2

𝑠𝑢𝑙𝑓
𝑓𝑜2

𝑠𝑖𝑙⁄   that would be otherwise required to

estimate  𝐷𝑀
𝑆𝑢𝑙𝑓/𝑆𝑖𝑙

 can be easily approximated to the ratio of the activity of FeS in 

the sulfide liquid to the activity of FeO in the silicate melt. 

This relationship is only valid provided the sulfide liquid is almost entirely FeS and 

at equilibrium with the silicate melt, at high pressure and temperature. The approach 

simplifies the prediction of the partitioning behaviour of many trace elements, as it 

solely depends on the measurement of FeO concentration, [𝐹𝑒𝑂], in the silicate



43 

(Kiseeva & Wood 2013). If the sulfide liquid were to consist of different sulfide 

species with variable amounts of Fe, Ni and Cu (in a FeS—NiS—CuS0.5 sulfide 

liquid), [FeO] should be adjusted to [FeO]𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑  by the following expression

(Kiseeva & Wood 2013; 2015), 

[FeO]𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
[FeO]𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒

[Fe/(Fe+Ni+Cu)]𝑠𝑢𝑙𝑓𝑖𝑑𝑒
 (eq. 5) 

The model was expanded in Kiseeva & Wood (2015) to account for the effect of 

temperature, as well as the effect of the sulfide composition (FeS—NiS—CuS0.5—

FeO). 

𝑙𝑜𝑔 (𝐷𝑀
𝑆𝑢𝑙𝑓/𝑆𝑖𝑙

) = 𝐴 +
𝐵

𝑇
−

𝑛

2
𝑙𝑜𝑔[𝐹𝑒𝑂]𝑐𝑜𝑟𝑟 +

1673

𝑇
[𝜀𝑀𝑆𝑛

2

𝐹𝑒𝑂  𝑙𝑜𝑔(1 − 𝑥𝐹𝑒𝑂) +  𝜀𝑀𝑆𝑛
2

𝑁𝑖𝑆  𝑙𝑜𝑔(1 −

𝑥𝑁𝑖𝑆) + 𝜀𝑀𝑆𝑛
2

𝐶𝑢𝑆  𝑙𝑜𝑔(1 − 𝑥𝐶𝑢𝑆0.5
) ]  (eq. 6)

Where 𝐵 is a constant related to the enthalpy of the 𝐹𝑒 − 𝑀 exchange reaction 

where 𝑀 is the element of interest,  𝑥𝑖 are the mole fractions of the respective 

compounds in the sulfide, and 𝑛  is again the valence of the element of interest. This 

expression introduces the “interaction parameters,” 𝜀𝑀𝑆𝑛
2

𝑖 , where 𝑖 equals FeO, NiS,

and CuS0.5, based on the epsilon model described in Ma (2001). These parameters 

represent the non-ideal interactions between the given trace element 𝑀 and 

individual components of the sulfide solvent. 
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This model was tested for the following elements Ag, Cd, Co, Cr, Cu, Ga, Ge, In, 

Mn, Ni, Pb, Sb, Ti, Tl, V and Zn, and demonstrated that temperature affects these 

element’s distribution into the sulfide liquid negatively (Ag, Ni, Cu), positively (Ga, 

Ge, Cr, V, and Ti), or not at all (Co, Cd, In, Mn, Pb, Tl, and Zn) (Kiseeva & Wood 

2015). 

While the effect of pressure might be subordinate to the effect of temperature  (Li & 

Agee 1996), this should not be assumed without proper empirical confirmation, 

therefore, this chapter addresses this gap of knowledge by testing the elements Ag, 

Cd, Co, Cr, Cu, Ga, Ge, In, Pb, Se, Sb, Tl, V, and Zn at pressures ranging from 0.5 

GPa to 2 GPa. 

4.2. Methods. 

4.2.1. Sulfide-Silicate partitioning experiments (SSP suite). 

I prepared a mixture consisting of ~50:50 FeS and synthetic silicate. The silicate 

constituent was Icelandic basalt (Norris 2016). The basaltic powder was ground and 

doped with a mixture of trace-elements, containing Ag, Cd, Co, Cr, Cu, Ga, Ge, In, 

Pb, Se, Sb, Tl, V, and Zn as oxides, with the exception of Se which was added as a 

native element, to make up to ~2 wt. % of the silicate (~1500 ppm each). FeS was 

added to the mixture in the following step, and ground with ethanol, to achieve 

homogeneity. 
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The mixture was packed in a 3 mm outside diameter (O.D.) and 1 mm inside 

diameter (I.D.)  graphite capsule. The capsule was protected by a tight MgO ring (4 

mm O.D. and 3 mm I.D, 4.25 mm height). A ~0.5 thin alumina disk was placed on 

top of the ring and supported by crushable MgO pieces filling the graphite furnace 

as described in chapter 3 (Figure 1. h.). The pressure medium used was a 32 mm 

long CaF2 sleeve, 8 mm I.D., and 4.5 mm wall thickness. For more details describing 

the manufacturing of the pieces and set-up of the thermocouple, refer to chapter 2. 

The low-pressure experiments (0.5-0.8 GPa) used a thin 12.5 mm O.D. and 10 mm 

I.D. NaCl outer sleeve and a pyrex 8 mm I.D. tube as an inner sleeve, to improve 

the pressure transmission (see chapter 3, 3.2). Experiments were performed in an 

end-loaded Boyd–England-type piston-cylinder apparatus (Boyd & England 1960) 

at the University of Oxford. We tested 0.5, 0.8, 1, 1.5, and 2 GPa using the pressure 

calibrations of McDade et al. (2002) for ≥1 GPa, and Vlach et al. (2019) for <1 GPa, 

for a 1300o C-1500o C temperature range (Table. 3). The experiments performed 

under 1 GPa had an additional continuous Ar supply to prevent oxygen flow through 

the thermocouple, since the low pressure may not deform the assembly enough to 

seal the plug around the thermocouple. I used a steel plug instead of the brass plug 

that is used at higher pressures to prevent the oxidation of the thermocouple wire. 

For all experiments, temperature and pressure were increased manually at a rate of 

150-200°C/min, and 50-100 p.s.i./min respectively. The pressure gauge has a 

minimum subdivision of 20 p.s.i. (~0.14 MPa) which provides a range of ±10 p.s.i. 

uncertainty over the set pressure. The experiments were run at the chosen 

conditions for a duration of 1 h. Former studies (Tuff et al., 2011; Kiseeva & Wood 
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2013; Kiseeva & Wood 2015; Smythe et al., 2017; Streenstra et al., 2018; Streenstra 

et al., 2020) state that such duration exceeds the minimum time required to achieve 

sulfide-silicate partitioning equilibria for the temperature conditions explored in this 

study. We quenched the experiments by cutting off the power at the run pressure, 

cooling at a rate of ~60-40°C/s. The pressure was slowly released once the samples 

reached a temperature below 40°C. 

*See chapter 5, 5.3

Table. 3. List of analysed samples belonging to the SSP-suite and NiC experiments* and 
the experimental conditions under which they were produced. 

Run No. 
Starting 

composition 
Duration (h) T (oC) P (GPa) Capsule Sleeve 

SSP13-1 IB+FeS 1 1300 1 Graphite CaF2 

SSP14-1 IB+FeS 1 1400 1 Graphite CaF2 

SSP15-1 IB+FeS 1 1500 1 Graphite CaF2 

SSP14-1.5 IB+FeS 1 1400 1.5 Graphite CaF2 

SSP14-2 IB+FeS 1 1400 2 Graphite CaF2 

SSP15-2 IB+FeS 1 1500 2 Graphite CaF2 

NiC1 
FeS+ 5% 

HgS 
1 1200 1 Ni+Graphite CaF2 

NiC2 
FeS+ 5% 

HgS 
1 1200 1 Ni+Graphite CaF2 
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The capsules were mounted in epoxy resin and hand-polished down to 1 µm with 

sandpapers of decreasing grit size and diamond powder. The products presented 

segregated black silicate glasses and metallic grey sulfide regions, with some 

sulfide spherules within the glass section (Figure 5.). 

All the experiments performed under 1 GPa were unsuccessful; the material 

escaped from the graphite partially or completely. Additionally, some experiments 

that were performed at pressures ≥1 GPa contained too little sulfide area to be 

analysed, potentially due to material loss from the capsule. This is likely due to the 

loose packing of the sample cell, or the capsule not fitting tightly enough inside the 

MgO ring. These issues were corrected in the subsequent experiments by modifying 

the pieces manually to fit as tightly as possible, but those under 1 GPa continued to 

partially leak. The graphite material used in the capsule was the same used in 

Kiseeva & Wood (2013), where it is reported to seldom present cracking (Kiseeva 

& Wood 2013, supplementary material), while the experiments carried out in this 

study show evidence of fissures (Figure 6). There is a possibility that those fractures 

occurred during decompression and cooling of the capsule, however, the material 

loss during the low-pressure experiments point out that the capsule did not seal 

completely. Moore et al. (2008) addressed the issue regarding the ineffective “seal” 

of the thermocouple wire at pressures below 0.5 GPa, due to insufficient 

deformation at low pressure and temperatures prior to heating. This may also have 

occurred for the pieces surrounding the capsule in the low-pressure runs in this 

study. The already weaker —compared to a welded capsule— seal of the graphite 

capsule might have fitted poorly, allowing the material to migrate. 

a) 

 

a)

c) 

 

c)

d) 

 

d)

e) 

e)
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b) 

Figure 5. BSE images of the SSP 
suite. a) SSP14-1.5, b) SSP14-1, c) 
SSP15-1, d) SSP15-2, e) SSP13-1.
Sulf. stands for sulfide and Sil. for 
silicate. Some of the sulfide phase 
appears to have migrated into the 
cracks in the graphite capsule.

d) c) 

a) 

e) 
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We attempted to improve this issue by first inverting the capsule position so that the 

risk of creating fractures on the lid of the capsule was minimised, but the results did 

not improve significantly since the material was mostly gone after quenching. We 

attempted to improve this issue by first inverting the capsule position so that the risk 

of creating fractures on the lid of the capsule was minimised, but the results did not 

improve significantly since the material was mostly gone after quenching. 

The assembly for these experiments has already been successfully used for the 

pressure and temperature range intended (Kiseeva & Wood 2013; 2015; Prof. 

Wood’s personal communication). The discussion of how to improve these 

complications is further developed below (section 4.3.1.). 

4.3. Analysis, results, and discussion. 

4.3.1. Major element analysis. 

A) Silicate glass.

The resulting successful glasses and sulfides for the SSP suite, the sulfide-bearing 

time-series, and the double-capsule experiments, were analysed on the CAMECA 

SX-5-FE at the University of Oxford’s Department of Earth Sciences and the JEOL-

8600 at the University of Oxford. For the silicate analysis (SSP-suite only), we 

performed Wavelength-dispersive X-ray spectroscopy (WDS) point analyses with a 

40-41 nA beam current, 15 kV accelerating voltage, and a defocused 10 µm spot 

size. The standards selected for the calibration were Albite (Na, Si, Al), MgO (Mg), 

Sanidine (K), TiO2 (Ti), native Mn metal (Mn), Andradite (Fe, Ca), Pyrite (S). The 

peak times used for every element were 20 s for Na and K, 30 s for Si, Al, Mn, Fe, 
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S, and Ca 35 s for Mg and Ti. The spots were collected from clear glass surfaces, 

avoiding neighbouring cracks and borders, and the size of the sample population 

was limited to ~10 spots per glass, due to time constraints. 

All silicate glasses that were produced using a CaF2 sleeve, except for those made 

at 2 GPa, present low totals (Table 4), indicating the presence of other elements in 

the glass not included in the analytical routine. The missing element was shown to 

be F through Energy-dispersive X-ray spectroscopy (EDS). The results are relatively 

homogeneous for most elements with low standard deviations, however, SiO2 and 

CaO are inconsistent in all glasses but SSP14-2 and SSP15-2. The composition 

obtained for these glasses is moderately poorer in almost all elements compared to 

the starting material, particularly SiO2 with a relative difference of -4.34 % to -35.85 

%. On the other hand, CaO experienced substantial relative enrichment (from 27.19 

% to 200.73 %) in all glasses except for SSP14-2 and SSP15-2. MgO is also high 

in the samples SSP14-1 (+64.78 %) and SSP14-1.5 (+12.21 %). FeO values 

present moderate variation throughout all the glasses. The most likely source for 

this contamination is the sample cell’s sleeve (CaF2) and the spacing pieces (MgO). 

While there is no specific documentation on contamination of the capsule from the 

supporting pieces (sleeve and spacers) of the assembly, there are a few examples 

of contamination into the capsule and the thermocouple from other structural pieces 

of the sample cell. Brooker et al. (1998) mention contamination from the graphite 

furnace into the capsule at high temperature and high pressures, Moore et al. 

(2008), dealt with contamination from the furnace, which is corrected by using a 
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double metallic capsule (an Au80-Pd20 alloy inner capsule surrounded by a Pt 

capsule). 

Kiseeva & Wood (2013; 2015) encountered no contamination issues while using the 

same cell assembly for pressures equal to 1.5 GPa and over. The SSP experiments 

in this study replicate the same cell assembly, however, since there are clear issues 

of contamination, these issues are more likely due to small inaccuracies when 

custom-fitting the pieces of the assembly, as well as choosing too low of a starting 

sample pressure for the lower pressure runs. At high temperature, the lower the 

pressure, the higher the potential for thermal expansion of the materials, which can 

generate displacement of the different pieces as temperatures rise, resulting in 

ineffective sealing of the capsule. This issue is evident in the experiments performed 

at ≤1 GPa since, after decompression, the lid would separate from the capsule body. 

The thermal expansion may easily be counteracted by increasing the starting 

sample pressure, prior to raising the temperature —the experiments ran at 0.5-1.5 

GPa in this study and were initially pressurized to 150-250 p.s.i. gauge pressure. 

Both issues should be straightforward to fix in future experiments.

With those adjustments, the experiments performed at 0.5 GPa might still be 

problematic as the target pressure is very low. If they are, we would suggest 

attempting to implement crushed Pyrex and MgO pieces, as spacers, together with 

a NaCl and Pyrex sleeve 
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Table 4. Major elements of the silicate glass for the SSP suite, percentage by mass. 

n – No. of measurements. σ - Standard deviation. 

The borosilicate glass and NaCl sleeve combinations have been used successfully 

for experiments under 0.5 GPa by Moore et al. (2008) and Vach et al. (2019) since 

the effect of friction is significantly reduced in this kind of set-up, and thus pressure 

is more effectively transmitted to the capsule (McDade et al., 2002). 

Still, there is a risk of contamination from borosilicate, due to the increased chance 

of volatilization of Cs from the glass at temperatures over 950o C (Banerjee et. al., 

2012). If this modification does not resolve the issue, we would suggest moving the 

range of pressures for this suite of experiments to higher and more stable pressures. 

Run No. SSP13-1 σ SSP14-1 σ SSP15-1 σ 

n 11 10 10 

SiO2 42.07 0.60 44.34 0.37 33.68 0.17 

TiO2 0.74 0.02 0.79 0.02 0.60 0.01 

Al2O3 11.68 0.34 13.05 0.15 9.72 0.04 

FeO 9.99 0.34 6.92 0.09 1.71 0.50 

MgO 9.28 0.16 14.93 0.29 9.05 0.11 

CaO 19.73 0.71 15.67 0.21 37.05 0.21 

MnO 0.10 0.01 0.09 0.01 0.06 0.01 

Na2O 1.34 0.07 1.69 0.04 0.84 0.01 

K2O 0.05 0.01 0.05 0.01 0.03 0.01 

S 0.20 0.01 0.27 0.01 0.33 0.13 

Total 95.17 0.37 97.81 0.24 93.07 0.22 
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Table 5. (continuation) Major elements of the silicate glass for the SSP suite, percentage 
by mass. 

n – No. of measurements. σ - Standard deviation. 

B) Sulfide phases.

We also obtained the major elements in the sulfides through WDS point analysis for 

the SSP suite. The IBFeS time series was analysed at 15 kV and ~40 nA beam 

current. Since the availability of a clean sulfide surface without cracks in the SSP 

experiment suite was scarce, we used a defocused 5 µm spot size. The standards 

used were pyrite (Fe, S), MgO (O), and cinnabar (Hg). The peak counting times 

were 30 s for Fe and Hg, 45 s for S, and 60 s for O. The sulfides SSP13-1sf, SSP14-

1.5sf, and SSP15-2sf were analysed without considering Hg. The number of spots 

measured for the SSP sulfides was again, ~10, due to the lack of clean surfaces. 

Run No. SSP14-1.5 σ SSP14-2 σ SSP15-2 σ 

n 9 10 10 

SiO2 32.41 0.33 47.49 0.24 48.33 0.16 

TiO2 0.60 0.02 0.86 0.02 0.87 0.02 

Al2O3 9.23 0.14 13.58 0.08 14.02 0.06 

FeO 7.43 0.24 10.93 0.05 10.97 0.06 

MgO 10.17 0.05 9.28 0.13 9.03 0.05 

CaO 30.73 0.42 12.96 0.28 12.20 0.03 

MnO 0.07 0.01 0.12 0.01 0.13 0.01 

Na2O 0.98 0.02 1.83 0.07 1.88 0.02 

K2O 0.03 0.01 0.06 0.01 0.06 0.01 

S 0.26 0.09 0.17 0.00 0.24 0.01 

Total 91.89 0.21 97.28 0.19 97.72 0.14 
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For the SSP suite the standard deviations for all elements are generally high (σ >1), 

which indicates heterogeneity within the sulfides (Table 6). However, the calculated 

average for each element is relatively consistent across different experiments. 

Table 6. Major elements of the sulfides, and Hg, in wt.% 

n.m. - not measured. b.d.l. – below detection limits 

4.3.2.    Minor element analysis. 

Contamination-free SSP14-2 and SSP15-2 were analysed with LA-ICP-MS to 

calculate sulfide-silicate partition coefficients. All LA-ICP-MS trace-element 

measurements were performed with a quadrupole-based Perkin Elmer Nexion mass 

spectrometer coupled to a New Wave Research UP213 Nd: YAG laser at the 

Run 

No. 

SSP13

-1sf 
σ 

SSP15

-1sf 
σ 

SSP14

-1.5sf 
σ 

SSP14

-2sf 
σ 

SSP15

-2sf 
σ 

n 9.00 11.00 12.00 10.00 8.00 

O 1.99 1.33 0.58 0.15 2.55 1.60 3.09 3.24 1.49 0.93 

Ni n.m. n.m. n.m. n.m. n.m. 

S 35.45 1.55 30.89 1.67 33.41 3.65 34.59 3.67 35.99 0.97 

Fe 62.96 0.26 68.62 1.72 62.50 4.84 60.25 6.22 62.62 0.41 

Hg n.m. n.m. b.d.l b.d.l n.m. 

Total 100.40 0.43 100.09 0.42 98.74 8.14 98.07 6.97 100.10 0.57 
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University of Oxford. We used NIST 610 and GSE-1G USGS glass standards as 

our primary and secondary external standards, respectively. The FeO values 

obtained with the microprobe were used as a reference for both sulfides and 

silicates. The isotopes measured were: 29Si, 33S, 51V, 53Cr, 57Fe, 59Co, 61Ni, 65Cu, 

66Zn, 71Ga, 74Ge, 77Se, 107Ag, 111Cd, 121Sb. All phases were measured with a 50 µm 

beam. We collected 10 spots for each phase, with an initial 20-second background 

determination, followed by a 40 second dwell time, at 10 Hz. Every ablation was 

followed by a 60-second washout to transport the aerosol out of the ablation cell. 

The standards were analyzed systematically every 10 collections to correct 

sensitivity drift (Liu et al., 2013 and references therein). The masses were collected 

in counts per second and the peaks adjusted manually for optimization of the results 

with the GLITTER (www.es.mq.edu.au/gemoc/glitter) software package. The results 

for elemental iron are coherent with the concentrations obtained with the 

microprobe, which gives a degree of reliability to the analysis. 

The partition sulfide-silicate partition coefficient was calculated for all elements by 

calculating the ratio between the concentration of the given element in the sulfide 

over its concentration in the silicate, in ppm. 

The distribution of Ag and Cu in the sulfide and silicate melts show a strong negative 

response to the increase in temperature (Table 7, Figure 5), while the abundance 

of Ga, Ge, and V in the sulfide experienced a particularly high increment (>40 %). 

The partition coefficients of Cr, Se, Cd, In, and Pb were moderately affected by the 

change in temperature (of ~19-30%), and Fe, Co, Zn, Sb, and Tl show only a slight 
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dependency on temperature (-20% > to < 20% difference), and Ni is unaffected by 

the temperature change. 

These observations roughly align with the conclusions on temperature dependency 

for the different trace elements in Kiseeva & Wood (2015) where the concentrations 

of Ag, Cu and Ni (more typically chalcophile) decreased significantly with the rise in 

run temperature, while Ga, Ge, Cr, V and Ti (typically lithophile) tended to distribute 

more into the sulfide liquid at the same conditions. Co, Cd, In, Mn, Pb, Tl and Zn did 

not show noticeable sensitivity to the increase in temperature. 
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Figure 6. Relative change in temperature for all measured isotopes from 1400o C to
1500o C. Light green shows slight change (<19%), dark green shows moderate change 
(19-30%), in any direction, red indicates strong increase (>40%), and blue strong 
decrease (<-40%). 

Figure 11. SSP14-2 and SSP15-2 partition coefficients normalized to the partition
coefficients calculated by using the spreadsheet calculator in Kiseeva & Wood (2015). 66Zn
SSP15-2 was removed because it was 35.63 times greater than the coefficient obtained
from the Kiseeva & Wood (2015) model. See text for discussion.Figure 12. Relative change
in temperature for all measured isotopes from 1400o C to 1500o C. Light green shows slight
change (<19%), dark green shows moderate change (19-30%), in any direction, red
indicates strong increase (>40%), and blue strong decrease (<-40%).
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We further input the compositional data and temperature of the glasses SSP14-2 

and SSP15-2 into the partition coefficient calculator spreadsheet (Kiseeva & Wood 

(2015), Appendix A: Supplementary materials). The coefficients obtained in this 

study were then normalized to the coefficients calculated through the spreadsheet 

(Figure 7). For most elements, the agreement between both datasets is very high, 

however 𝐷𝑍𝑛
𝑠𝑢𝑙𝑓/𝑠𝑖𝑙

(SSP15-2) deviates strongly from the predictions (Figure 6).

Kiseeva & Wood (2015) predicts nearly no change due to the temperature change 

for Zn, however, we register an increase of 12% in the partition coefficient for that 

element from the 1400o C to the 1500o C experiment. 
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Figure 7. SSP14-2 and SSP15-2 partition coefficients normalized to the partition
coefficients calculated by using the spreadsheet calculator in Kiseeva & Wood (2015). 
66Zn SSP15-2 was removed because it was 35.63 times greater than the coefficient 
obtained from the Kiseeva & Wood (2015) model. See text for discussion. 
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While the results in this study correlate with those of Kiseeva & Wood (2015) to a 

degree, there are a few noticeable differences, such as the invariability of 𝐷𝑁𝑖
𝑠𝑢𝑙𝑓/𝑠𝑖𝑙

through the temperature increment and 𝐷𝑍𝑛
𝑠𝑢𝑙𝑓/𝑠𝑖𝑙

 (SSP15-2) showing a value much 

higher (Figure 7) than expected. These discrepancies might be due to the higher-

pressure conditions (2 Gpa vs the original 1.5 GPa) at which these experiments 

were carried out. There is evidence in the literature that at pressures up to 45 GPa 

there is a direct relationship between the increase in pressure and the attenuation 

of the effect of rising temperature for the Ni-Fe and Co-Fe exchanges (Kegler et al., 

2008; Fischer et al., 2015). Even though the attenuation is shown to occur for 

pressures above 3 GPa (Kegler et al., 2008), these studies report this effect for 

sulfur-free metal-silicate systems, which do not account for the potential effect that 

S might have on these reactions. Further experiments at a range of pressures will 

determine the extent of the effect of pressure on these elements for the given 

composition. 

Table 7. Sulfide-silicate partition coefficients at 2 GPa for the SSP suite. 

Element SSP14-2 SSP15-2 
Temperature 

effect (%) 

51V 0.417 0.601 44.35 

53Cr 1.966 2.497 26.99 

57Fe 56.862 51.267 -9.84 

59Co 89.514 89.629 0.13 

61Ni 563.085 335.710 -40.38 

65Cu 2.108 2.372 12.51 

66Zn 0.056 0.108 93.32 
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4.4. Summary and further thoughts. 

I performed a series of experiments replicating the methodology of Kiseeva & Wood 

(2013; 2015) for a range of pressures (0.5 to 2 GPa) and temperatures (1300 to 

1500o C). Other than the experiments performed at 2 GPa, the rest were deemed 

unsatisfactory due to the loss of material, sometimes resulting in an empty capsule 

or a glass without sulfides. These issues should be relatively straightforward to fix 

by modifying the fitting of the pieces in the sample cell, and by increasing the sample 

pressure to the goal pressure before applying heat to the sample, when conducting 

<1 GPa experiments. 

The samples performed at 2 GPa were successful and therefore, I calculated their 

sulfide-silicate partitioning coefficients for all the elements of interest. These 

partitioning coefficients showed trends that were mostly in agreement with the 

behaviour that Kiseeva & Wood (2015) predicted for an increase in temperature 

71Ga 0.807 1.734 114.95 

74Ge 578.870 404.672 -30.09 

77Se 862.866 394.426 -54.29 

107Ag 60.410 49.111 -18.70 

111Cd 10.188 13.200 29.57 

115In 22.587 25.722 13.88 

121Sb 9.457 8.093 -14.42 

205Tl 35.243 26.404 -25.08 
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(Figure 6 & 7). This suggests that the effect of pressure must be subordinate to that 

of temperature for most elements. 

Nonetheless, Ni’s partitioning coefficient did not change with the increasing 

temperature, as opposed to the pronounced decrease it had been described to 

experience in Kiseeva & Wood (2015). Since my experiments were performed at a 

higher pressure than those in Kiseeva & Wood (2015), the effect of temperature 

might have been counteracted by that of the pressure, as described in Kegler et al. 

(2008) and Fischer et al. (2015) for the Fe—Ni exchange reaction., albeit this 

occurred at higher pressures (>3 GPa). In addition to this, the 𝐷𝑍𝑛
𝑠𝑢𝑙𝑓/𝑠𝑖𝑙

  calculated

from the measured concentrations in the sample SSP15-2 was ~350% higher 

(Figure 7) than the value obtained from the sulfide-silicate partitioning coefficient 

calculator developed by Kiseeva & Wood (2015). The reason for this might again be 

the difference in pressure between the two studies. 

Thus, it is necessary to expand this pressure series to a larger range of pressures, 

both lower and higher than 2 GPa, to explore the potential deviations from the 

predictions, and successfully implement the pressure parameter into our partitioning 

models. 
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Chapter 5. Sulfide silicate partitioning of mercury. 

As a chalcophile, mercury shows affinity for the sulfide phase, however, due to the 

experimental difficulties of working with mercury, there is no quantitative 

experimental data on its sulfide-silicate partition coefficients. While its occurrence in 

nature suggests that mercury should be strongly chalcophile, since it is mostly found 

in the form of HgS, this is yet to be properly supported by empirical data. In this 

section, we performed sulfide-silicate partitioning experiments between a HgO 

bearing Icelandic basalt rock powder mixed with FeS. We also observed the Hg 

exchange between two types of silicate mixtures when in contact with a thin layer of 

HgS. The goal of these experiments is to evaluate whether the runtime has any 

impact on the retention of mercury for the given experimental conditions and 

examine the potential outcome when the mercury source is HgS. The samples will 

be named after their starting silicate and sulfide composition with the prefixes and 

suffixes “IB”, “Hg", “FeS”, “HgS”, “TS”, and 2 digits for runtime in minutes. 

5.1. Methods.

5.1.1.   Single capsule method: Effect of run time in the distribution of 

Hg or “IBFeS” time series and success at mercury retention. 

In the same manner as the SSP suite (chapter 4, section 4.2.1), we created a new 

mixture “IBC4” by adding 30 wt. % FeS powder to the existing composition “IBC3” 

(IB with 1000 ppm of both HgO and Tl2O3) to check the behaviour of Hg in the 

presence of sulfides. We produced two glasses (Table 1 & Table 2): IBFeS10 (10-

minute run), and IBFeS40 (40-minute run). These experiments were run at 1425ºC 
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and 1.5 GPa, using the same sample cell as for A001, with a 6 mm O.D., 4 mm I.D. 

graphite capsule but a thin 12.5 mm O.D. and 10 mm I.D. NaCl outer sleeve and a 

Pyrex 8 mm I.D. tube as an inner sleeve (Figure 1. e). Afterwards, we recovered the 

glass from the capsule and manually separated the sulfide phases from the silicate 

glass. 

We also ran two additional piston-cylinder experiments, containing 10% HgS at the 

bottom of the capsule, and the mixtures IBC4 and IBC5 (Icelandic basalt with 

1000ppm Tl2O3, see Table 1), respectively (Figure 1. f, g). Once again, the sample 

assembly consisted of a thin NaCl sleeve, a pyrex tube, a MgO-packed graphite 

furnace, and a 6 mm O.D., 4 mm I.D. graphite capsule. These experiments were 

run at the same temperature and pressure conditions (1425º C, 1.5 GPa), for 20 

minutes each. The glass produced from the IBC4 mixture —and therefore containing 

two types of sulfides— was named “IBFeSHgS20” and the one containing derived 

from the single-sulfide experiment was named “IBHgS20”. 

For all the produced glasses, we mounted both sulfide and glass in epoxy, polished 

it with synthetic diamond particles, and carbon-coated it to be observed via the 

Electron Microprobe (EMP; CAMECA SX-5 FE) at the University of Oxford, Earth 

Sciences Department. The remaining glass was carefully cleaned from any potential 

sulfide inclusion, sonicated, and ground down to <354 µm to determine the Hg 

concentration remaining in the glass through direct analysis with Lumex. 
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5.2. Results and discussion. 

5.2.1.  Major element analysis: single capsule IBFeS time series and 

HgS-disc experiments. 

We proceeded similarly as with the SSP-suite for the analysis of sulfide phases in 

single capsule IBFeS time series, as well as for those experiments that contained 

HgS discs. The sulfide phases of the IBFeS time series were characterised through 

WDS point analysis, at 15 kV and ~19 nA beam current. We used a 1-µm spot size 

due to the limited available surface. The standards used were andradite for Fe, 

pyrite for S, and cinnabar for Hg. Peak counting times were 30 s, 30 s, and 120 s, 

respectively. 

The standard deviation for the IBFeS experiments was 1 for Fe, 0.45 for S, and 0.32 

for Hg, and the average Hg measured was 622.34 ppm and 694.36 ppm for the 10 

min and 40 min experiments respectively. These Hg concentrations are below 

detection limits (3700 ppm) for this analysis, so their comparison would be 

unreliable. 

IBHgS20, which had a starting Hg concentration of 8.6 wt %, recorded a Hg 

concentration of 315.22 ppm, again, below detection limits. The experiment 

IBFeSHgS20 had no retrievable sulfide (microscopic inclusions in the silicate glass). 

5.2.2.  Total mercury content analysis: capsule IBFeS time series and 

HgS-disc experiments.
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All the glasses were analysed with the Lumex Mercury analyzed as previously 

described in chapter 3 section 2  The single-time measurements were 74 ppb and 

10 ppb for the 10 minutes long and the 40-minute-long experiments respectively. 

This, ignoring the unreliable amounts of the sulfide analysis, results in a percentage 

of >99.99 over the initial Hg input that is missing from the samples (Table 2). On top 

of that, due to the mentioned difficulties when separating the sulfide and silicate 

phases, the presence of Hg-enriched sulfide inclusions in the glass might be 

responsible for the higher concentration recorded for the 10-minute-long 

experiment. 

The silicate glass of the experiment IBHgS had an initial Hg concentration of 8.6 wt 

%, which despite the great loss of mercury experienced during the experimental run 

and the smaller than usual mass input into the Lumex device (8.2 mg, instead of the 

usual ~16 mg), released too much mercury for the analyser to bear, and triggered a 

low radiation warning from the detector. In this case, the measurement is assumed 

to be invalid and should be repeated, however, for the sample IBHgS20, this was 

not possible since all the mass was used up at once. Given these circumstances, 

this sample was not included in the calculations or datasets. 

The silicate glass of the IBFeSHgS (original input of ~8.6 wt %), was measured 

several times, using sample masses from 0.6 to 2.2 mg, and produced an average 

concentration of 91.55 ppm (Table 2), but a significant inconsistency in 

measurements (standard deviation of 37.65 ppm). 
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5.3. Double-capsule method, “NiC” experiments: Attempt at minimising Hg 

loss. 

Due to the difficulties in separating the scattered microscopic inclusions of sulfide in 

the prior Hg—S glasses (chapter 5, section 5.2.1), we added an inner graphite 

capsule to act as a physical barrier that should gather all the sulfide phases in the 

same region of the assembly. For this, we loaded a graphite capsule with a mixture 

of HgS and FeS, and put it inside a larger Nickel capsule, of which the remaining 

spaces between the two capsules would be filled with silicate rock powder The 

porosity of the graphite capsule should allow the migration of Hg through the two 

regions, while keeping the sulfide within the restricted graphite area, therefore 

making it easier to separate and analyse. The outer nickel capsule should offer a 

stronger seal than that of the graphite capsule used in the former experiments. The 

products of these experiments are named after the composition of the capsules, NiC 

and followed by a digit indicating the run number. 

5.3.1.    Methods. 

The starting materials for the silicate were Icelandic basalt and CaCl2 at 3 wt. %. 

The addition of Cl to the initial composition will cause a depression in the liquidus 

(Filiberto & Treiman 2009a; Filiberto et al., 2014) and therefore allow for lower 

experimental temperatures. The sulfide consisted of a mixture of FeS with HgS at 5 

wt. %. ~43,000 ppm Hg (Table 3). 

Amounts of 2-3 mg of silicate were loaded at the bottom of the Ni capsules 6 mm 

O.D. and 3 mm I.D., and the sulfide was packed in a graphite capsule of 3 mm O.D. 
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and 1 mm I.D. The lid of the Ni capsule was polished to ensure full contact between 

the pieces of the capsule. The Ni capsule should be pressure-welded during the 

experiment, sealing the capsule, providing a closed environment for the sample, 

while not forming an amalgam with Hg for the intended temperature range (Jangg 

& Lugscheider 1973). 

The nickel capsule was supported by Al2O3 pieces, in the same way as the sulfide-

silicate experiments, with an alumina ring surrounding it. The assembly was tightly 

packed inside a graphite furnace and protected by a CaF2 sleeve (Figure 1. i). The 

sample cells were wrapped in Pb foil in the same way as in the former experiments.  

The samples were melted at 1200 °C and 1 GPa for 1h and quenched by turning 

the power off at the run pressure in the same way as the SSP suite (cooling rates 

of 40-30 °C/s up to reaching 100 °C). The pressure was released slowly after a 

temperature below 40 °C was reached. The products were mounted in epoxy resin 

and hand-polished to show a cross-section of the inside of the capsules. The inner 

capsules were filled with a silvery sulfide phase, while the bottom of the nickel 

capsules contained black silicate glass. The silicate was physically separated by 

cutting the sample and carving it out of the capsule with a small chisel. The sample 

NiC1 contained graphite particles belonging to the bottom of the inner capsule and 

had a heterogeneous appearance in particle size, which was due to a first 

attempt to chisel out the material, while accidentally extracting some of the graphite 

capsule surrounding it, which mixed with the silicate particles extracted. No further 

grinding or separation of this sample was carried out due to the risk of losing the 
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small mass fraction that was recovered. NiC2 was released from the capsule by 

fracturing the silicate into big pieces, by using a manual die-press. The NiC2 glass 

was ground down to a very fine powder for analysis in the Lumex Direct Mercury 

analyser. The sulfide phases within the Ni capsule were further polished down to 1 

micron, carbon-coated and analysed through EMP imaging. 

5.3.2.    Results and discussion. 

A) Analysis of the major elements of the NiC sulfides.

The sulfides phases from the NiC1 and NiC2 experiments were first analysed at the 

same time as those of the SSP-suite, using the same settings and standards 

(including cinnabar). 

Table 8. Major elements for the sulfide phase in the NiC experiments in wt. % 

Run No. NiC2* σ NiC2 σ NiC1* σ NiC1 σ 

n 3 13 7 30 

D.L. 0.6 n.a. 2.2 n.a. 0.6 n.a. 2.2 n.a. 

O n.m. n.m. 1.76 1.17 n.m. n.m. 1.58 2.25 

Ni 2.15 0.27 n.m. n.m. 33.65 21.56 n.m. n.m. 

S 33.13 1.79 35.64 1.38 18.87 9.28 27.46 6.54 

Hg 0.14 0.06 0.27 0.55 0.55 0.30 0.79 0.68 

Fe 59.60 0.51 61.79 0.41 42.11 12.99 46.33 6.36 

Total 95.02 1.54 99.46 0.74 95.19 5.55 76.16 10.76 

* Second measurement. – D.L. ~ Detection Limits.

The sulfide NiC1 presented a heterogenous texture consisting of a mesh of three 

types of differently coloured vermicular and rounded shapes which may represent 

the formation and intergrowth of phases during quench (Figure 8. a.). NiC2 
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presented a clean homogenous surface with a few lighter-coloured submicron-sized 

spots (Figure 8. b.). 

The elemental concentrations for the major elements of the sulfide (Table 8) are 

coherent with those of the SSP suite (Table 6), but the mercury concentrations 

measured with the WDS analysis were much lower (<0.79 wt. %, table 8) than the 

detection limits for this element, 2.2 wt. %. Therefore, we carried out a second 

analysis of the NiC sulfides, optimizing the collection routine for Hg. We used a large 

area analysing crystal (LLIF), prolonged the dwell time to 90 seconds, and the 

electron beam current was increased from 40 nA to 120 nA, to improve the count 

rate and sensitivity of the analysis. These changes allowed us to reduce the 

detection limits to ~6000 ppm for mercury. We also included Ni in our analysis to 

detect any communication between the capsule and the sample. The results for the 

sulfides (Table 8) show totals around 95 %, which are likely to express the presence 

b) a) 

Figure 8. BSE images of the sulfide phases formed in both NiC1(a) and NiC2  (b).

200 µm 

200 µm

200 µm 

200 µm
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of around <2-3 wt. % O (data obtained from the previous measurement that included 

O). The measured mercury concentrations were still below detection limits (5500 

ppm for NiC1, and 1400 ppm for NiC2). 

Regarding the composition of the different phases observed in NiC1. The sample 

consists of a medium grey surface with brighter metallic phases and big darker 

regions (Figure 8. a). The analytical results show that the medium grey background 

is a nickel-iron sulfide with variable amounts of Ni and Fe, in and minimal amounts 

of Hg (28.10 wt. % S, 28.94 wt.% Ni, 0.40 wt. % Hg, and 40.03 wt. % Fe). The lighter 

phase showed a high concentration of Fe and Ni, as well as low S (10.04 wt.% S, 

49.04 wt.% Ni, 0.81 wt.% Hg, and 37.35 wt.% Fe). Uniquely, this metallic phase had 

Hg measurements above detection limits. The darkest phase was iron-rich and had 

a moderate amount of sulfur, which implies a combination of iron, sulfur, and oxygen 

(17.78 wt. % S, 1.61wt.% Ni, 0.25 wt.% Hg, and 62.64 wt.% Fe). This phase also 

produced low totals of 82 wt. %, which probably relates to the presence of a 

significant amount of oxygen. 

Furthermore, we performed a transverse line across the lid of each one of the nickel 

capsules, to evaluate the degree of Hg migration into the nickel capsule. We set Ni 

as the matrix, which allowed us to increase the beam current to a ~500 nA beam 

current for Hg, thus lowering the detection limits to 2800 ppm. 

The line analysis showed a small increase in mercury next to the inside of the 

capsule ~0.3 wt.% for both capsules, which is barely above detection l imits, and 

there was no coherent diffusion gradient through the transverse. On the other hand, 
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Fe did show a concentration of almost 3 wt. % on the inner border of the lid, and a 

rapid decrease towards the outermost part of the capsule. The graphite capsule also 

presented visible fissures filled with nickel-iron sulfide that connect the nickel 

capsule with the core of the graphite capsule (Figure 9). The double-capsule 

samples failed to retain mercury, as the concentrations detected were all below, or 

barely above the detection limits, and inconsistent throughout the samples. 

However, given that the actual mercury mass input in the sample was originally 

0.012 mg, Hg might have been dissolved into Ni through the entire capsule-system 

since a measurable, yet small amount of mercury was collected in the metallic 

capsule, together with the Ni bearing sulfide product, and in the metallic Ni-Fe alloys 

found in the experiment NiC1. Assuming that ideally, Hg had been distributed 

homogeneously through the capsule walls, sulfide, and silicate phases, the amount 

Figure 9. Reflected light photomicrograph of a fissure breaking through the lid of
the graphite capsule in sample NiC1. 

100 µm 

Ni capsule lid 

C capsule lid 

NiC1 Sulfide 

product  

 Sulfide-filled fisure 
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of Hg anywhere in the capsule could not have been higher than 412 ppm. This 

number is much smaller than any of the detection limits achieved in our past 

routines. To overcome these obstacles of detecting Hg through WDS analysis, we 

could increase the amount of mercury added to the sulfide mixture. Additionally, we 

could test the actual phenomena occurring within the nickel capsule, by loading a 

graphite capsule with HgS alone, to evaluate the degree of Hg migration into the 

nickel without the interference of other elements like Fe. 

B) Total mercury content analysis: double-capsule

experiments. 

The silicate produced with the nickel-graphite capsule assembly also experienced 

a Hg loss of > 99.99 % from the original input of 4.3 wt. %. The silicate glass 

produced in the double capsule experiments, was clear of sulfide phases, due to 

the small mass recovered for the experiments, we could only collect one 

measurement. NiC1 produced two peaks followed by a long tail and recorded 41.2 

ppm Hg (Table 2). The double peak graph could be related to the heterogeneity of 

the particles as speculated in Bin et al. (2001) or to be linked to the multi-stepped 

thermal decomposition of the mercurous compounds (Lopez-Anton et al., 2010; Liu 

et al., 2013), however, the reason behind this is still debated. NiC2 produced a small 

peak and recorded 1.2 ppm Hg. 

The concentration of mercury for the double-capsule experiments was very low in 

both silicate and sulfide. Considering that mercury is expected to favour sulfide in 

these conditions, the lack of a significant amount of mercury in the sample must 
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mean that the mercury escaped the sample, either by degassing during the 

experimental run or by being dispersed through the Ni. While this capsule setup was 

promising in its potential to keep very volatile elements inside at high temperatures,  

Hg might have dissolved into the nickel capsule, reducing the concentration of this 

element within the silicate and the sulfide phases. A test with only HgS as starting 

material within the double capsule should be performed to observe the actual 

communication between Hg and Ni. 

It is also important to consider that due to the capsule being pressure-welded during 

the experiment, instead of manually welded before the run, the sealing of this might 

not have been perfect, allowing the mercury to escape the assembly. If this were 

determined as the issue, the solution would be to ensure a perfectly clean and 

polished contact surface between the lid and the body of the capsule. 

5.4. Summary and further thoughts. 

I completed a number of partitioning experiments between silicate mixtures —with 

and without HgO— and a sulfide liquid. Two main sample cell types were used, one 

with a single capsule, and another with a double capsule. 

The single capsule experiments were unsuccessful at segregating the sulfide phase 

and the silicate glass, with a high dispersion of sulfide inclusions of even 

microscopic size being present in all glasses. IBFeSHgS20 did not have any sulfide 

that could be large enough to be manually separated. Therefore, because of the 
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potential presence of sulfide inclusions in the silicate glasses, the total mercury 

analyses might have shown slightly Hg enriched concentrations. Nevertheless, the 

measured Hg concentrations for the silicate glasses were 74 ppb and 10 ppb for the 

10 minutes long and the 40-minute-long IBFeSTS experiments, respectively (Table 

2). The Hg concentrations measured in the sulfides was of ~622 ppm (IBFeSTS10) 

and 694 ppm (IBFeSTS40). Despite these being over 60% of the initial mercury 

input in the mixture —1000 ppm— they were still below detection limits (3700 ppm) 

and we cannot make use of these data for partitioning calculations. Achieving low 

enough Hg detection limits during a WDS analysis is an important obstacle to 

overcome since we should be looking at concentrations of mercury significantly 

below 3700 ppm. This could be pursued during future analyses by increasing the 

electron beam current, dwell time, and by using a large area analysing crystal. 

The double-capsule experiments were designed to prevent the sulfide dispersion 

present in the single-capsule experiments and to add an external metallic seal that 

might be more successful at preventing mercury loss. While this assembly 

succeeded at keeping both phases separated, the silicate glass was difficult to 

extract from this double capsule set up, which increased the risk of losing material 

and contaminating the silicate. The obtained glass was scarce and hence the total 

mercury concentration measurements were limited. These concentrations were 

41.2 ppm for NiC1 and 1.2 ppm for NiC2 over an initial input of 1000 ppm Hg (Table 

2). The causes for this disparity are discussed in section B. The sulfide 
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measurements were again below detection limits (6000 ppm), despite our efforts to 

decrease them by modifying our routine. 

 

Ultimately, it is important to test the interaction between Hg and Ni at >1000o C, 

since we cannot assume with confidence that mercury will not dissolve into the Ni 

capsule walls during the experiment — See section A. 
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Chapter 6. Conclusions and further work 

 

6.1. Best analytical technique to perform total mercury content analysis 

 

When analysing trace elements like mercury, LA-ICP-MS is one of the most popular 

techniques. While we obtained some promising correlation for the samples 

containing >100 ppm Hg, the ones with lower concentrations produced worse linear 

regressions (Figure 2).  

 

Mercury is an element with higher ionisation energy (10.6 kJ mol-1) than most other 

elements that are routinely analysed with LA-ICP-MS, meaning that the capacity of 

the argon plasma to ionise Hg is relatively low — the ionisation potential of argon is 

15.76 kJ mol-1. Furthermore, Hg has seven stable isotopes, which decreases the 

concentration available per single isotope in proportion to their abundances, posing 

a challenge to detect the signal with any degree of accuracy and reproducibility. 

Considering the low concentration of Hg in basaltic systems and the low Hg 

retention values from this study, the potential presence of interferences for the 

isotopes 198Hg, 199Hg and 204Hg, and the economic cost of this technique, the use 

of LA-ICP-MS does not seem to be the most suitable for mercury analysis.  

 

As described in chapter 2, section 2, we tested several basaltic standards of which 

Hg concentration had been previously determined with the direct mercury analyser 

Milestone DMA-80, which includes an amalgamation step (Marie et al., 2015). We 

performed the measurements via thermal decomposition assisted atomic absorption 

spectrometry with the Lumex RA-915+ multifunctional mercury analyser with 
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pyrolysis unit, at the University of Oxford. These analyses replicated almost perfectly 

the concentrations measured in Marie et al. (2015), proving to be the better 

technique to analyse mercury in the silicate due to its accuracy and reproducibility.  

 

Ultimately, we observed the effect of grain size in the release of Hg through thermal 

decomposition in the Lumex analyser. Our results show that when using powdered 

samples of less than 354 µm grain size, the measured Hg concentrations appear 

consistently higher, however, these calibrations need to be more properly adjusted, 

with a larger data sample and a consideration of all statistical errors. 

6.2.  Issues with mercury loss in silicate and sulfide products. 

 

We have attempted a series of experimental assemblies to produce synthetic Hg at 

high temperature (Figure 1), however, we have been unable to keep a consistent 

amount of mercury for any of these experimental set-ups. So far, experiment A002, 

which was run at a lower temperature (1375º C) and using CaF2 -sleeved sample 

cell, with Fe2O3 discs on top and bottom of the capsule had the smallest Hg loss 

overall (76.74 %, Hg concentrations over 80 ppm). Despite the big loss percentage 

in all the other samples (>99.9 % loss), we have still managed to retain several 

hundreds of ppb to tens of ppm for most samples (Table 2). 

The results for Hg concentration in the time series, for both sulfide-bearing and 

silicate-only products, were not reliable due to bad linear correlation, large standard 

deviation of the measurements (Figure 3 & table 2), and/or extremely low 

concentrations obtained (Table 2).  
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The NiC method did not improve our Hg retention in any of the phases. This method 

might be problematic due to the Ni—Hg interaction, and therefore this should be 

studied separately, by reproducing the experiment with a HgS-only starting material. 

Additionally, we should carry out more experiments with this cell design, maybe at 

slightly higher pressures while improving the surface of contact between the Ni lid 

and the body of the capsule. Other metals like iron should also be considered as 

potential capsule materials. 

 

If it were possible to satisfy the requirements of consistently preserving mercury for 

a number of sulfides and glasses so that the method used is reproducible, then it 

would be possible to undertake further experiments to assess the sulfide-silicate 

distribution of Hg, and attempt partition experiments under different compositions 

and sulfur- and oxygen-fugacities, but at this time, the main challenge is still the 

systematic retention of mercury in the samples. If successful, Hg-containing 

synthetic glasses will open a path to investigate mercury partitioning between 

silicate and sulfide melts. 

 

Despite this handicap, any advancements on the high-temperature synthesis of 

mercury-bearing experimental glasses will contribute to establishing the basis for 

those experiments in the future, and therefore these attempts, failed or successful, 

are relevant to the study of mercury behaviour during volcanic degassing. 

6.3. Effect of pressure and problems with successfully reproducing the 

Kiseeva and Wood (2013; 2015) methodology. 
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Regarding the sulfide-silicate partitioning experiments involving other chalcophile 

and lithophile elements, the 2GPa experiments of the SSP suite provided promising 

results that mostly agree with the Kiseeva & Wood (2015) model for the behaviour 

of the selected elements. Solving the contamination issues for the rest of the 

pressures should be quite straightforward, but in the case that the experimental runs 

at pressures <1 GPa continue to be unsatisfactory, we could aim to perform 

experiments at pressures >2 GPa; hence obtaining a valid range to estimate the 

effect of these over the distribution of trace-elements. 

 

The results from these partitioning experiments will shed light on how pressure 

might be affecting the distribution of trace elements in sulfide-saturated igneous 

materials and thus improving the existing prediction models. 

 

Ultimately, the analysis of multiple basaltic materials, with a focus on tholeiites 

(closest to LIP composition), by using the Lumex mercury analyser for Hg 

measurements, as well as the LA-ICP-MS for the rest of trace elements, and EMP 

for the major element composition will help to establish a catalogue of complete 

elemental data for Hg-bearing basalts. Databases including mercury measurements 

are very rare, and in most cases, when the mercury is included, trace-element 

analysis is lacking. These gaps prevent any possibility to compare other elements' 

behaviour to that of mercury during different magmatic/volcanic processes. By 

increasing this data, we would be able to apply statistical analysis to detect 

distribution patterns of different elements that might be behaving parallel to Hg. 

These patterns are necessary to find potential Hg proxy elements that might be 
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easier to measure but provide information regarding its behaviour. The existence of 

a proxy that has a greater presence in literature would facilitate the understanding 

of how Hg is affected by those processes and be used instead of mercury in high-

temperature experiments when using mercury is not feasible. 
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