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Abstract Thallium (T1) isotope ratios are an emerging tool that can be used to trace crustal recycling
processes in arc lavas and ocean island basalts (OIBs). Thallium is a highly volatile metal that is enriched
in volcanic fumaroles, but it is unknown whether degassing of Tl from subaerial lavas has a significant
effect on their residual Tl isotope compositions. Here, we present Tl isotope and concentration data from
degassing experiments that are best explained by Rayleigh kinetic isotope fractionation during Tl loss. Our
data closely follow predicted isotope fractionation models in which TICl is the primary degassed species
and where TlI loss is controlled by diffusion and natural convection, consistent with the slow gas advection
velocity utilized during our experiments. We calculate that degassing into air should be associated with

a net Tl isotope fractionation factor of a,e = 0.99969 for diffusion and natural gas convection (low gas
velocities) and o, = 0.99955 for diffusion and forced gas convection (high gas velocities). We also show
that lavas from three volcanoes in the Kamchatka arc exhibit Tl isotope and concentration patterns that
plot in between the two different gas convection regimes, implying that degassing played an important
role in controlling the observed Tl isotope compositions in these three volcanoes. Literature inspection

of Tl isotope data for subaerial lavas reveals that the majority of these appear only minorly affected

by degassing, although a few samples from both OIBs and arc volcanoes can be identified that likely
experienced some Tl degassing.

Plain Language Summary Volcanic degassing is an important process for understanding
emissions to the atmosphere of greenhouse gasses and toxic metals. Thallium (T1) is a toxic metal that is
highly volatile, which in recent years has been developed as a stable isotope system that can be applied
to understand the transfer of material from the Earth surface to the deep mantle via measurements of
volcanic lavas. However, degassing of Tl from volcanic lavas could potentially alter the isotope ratio of
the residual lava and, thus, render applications of Tl isotopes in lavas difficult to relate to deep Earth
material transfer. Here, we perform the first study of Tl isotopes in degassing experiments. These reveal
that Tl isotope ratios progressively become enriched in the heavy isotope with loss of T1. We also show
that natural lavas from Kamchatka follow similar Tl depletion and isotope enrichment patterns as our
experiments, which for the first time demonstrates that degassing in nature is associated with diffusion-
controlled loss of the light Tl isotope.

1. Introduction

Recycling of oceanic crust and sediments into the mantle at subduction zones is one of the most impor-
tant processes occurring in the solid Earth. It controls the vast majority of mass transfer between the sur-
face and deep Earth including water and other volatiles as well as radiogenic heat-producing elements
like K, Th, and U. Thus, crustal recycling is the primary determinant of the viscosity and heat budget of
the Earth’s mantle. In addition, these recycled crustal reservoirs are thought to give rise to mantle plumes
that are expressed at the Earth’s surface as ocean island basalts (OIBs) or large igneous provinces (LIPs)
(e.g., Hofmann & White, 1982). Much research has focused on understanding the physical and chemical
consequences of crustal recycling, both those occurring during subduction itself and those associated with
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mantle plume activity (e.g., Hofmann, 1997; Ryan & Chauvel, 2014). However, the time scales, mixing re-
lationships, and connection between subduction and mantle plumes remain topics of debate (e.g., Cabral
et al., 2013; Sobolev et al., 2019). New stable isotope ratio tools have emerged in the last two decades that
promise to place new constraints on these aspects of crustal recycling (e.g., Andersen et al., 2015; Foden
et al., 2018; Freymuth et al., 2015; Nielsen, Rehkdmper, Norman, et al., 2006; Nielsen et al., 2018), which
have the potential to elucidate the underlying reasons for the chemical and isotopic differences observed
between different OIBs and LIPs.

Thallium (T1) isotope compositions (¢*° T1 = 10,000 X (*** T1/**Tlampie — **° T1/**Tlsgwm 997)/* T1/** Tlsgn
997) Where SRM 997 is the NIST SRM 997 Tl isotopic standard) are emerging as a powerful tracer of crus-
tal recycling processes due to the stark differences observed between Tl isotope compositions in marine
sediments, altered oceanic crust, and the mantle (Nielsen, Rehkdmper, Norman, et al., 2006; Nielsen, Re-
hkédmper, Teagle, et al., 2006; Nielsen, Rehkdmper, et al., 2017; Rehk@mper et al., 2002, 2004). In addition,
T1 concentrations in recycled crustal materials are several orders of magnitude higher than the ambient
mantle, which provides strong mixing leverage when mixing between crustal and mantle components takes
place. These characteristics have led to T1 isotopes finding utility in both establishing budgets of sediment
cycling in subduction zones (Nielsen et al., 2016; Nielsen, Prytulak, et al., 2017; Prytulak et al., 2013; Shu
et al., 2017) as well as identifying specific ocean crust and sediment components associated with deeply
subducted materials and plumes (Blusztajn et al., 2018; Nielsen, Rehkd@mper, Norman, et al., 2006; Nielsen
et al., 2007; Shu et al., 2019).

Several aspects complicate the interpretation of Tl isotope variation in lavas from arcs and OIBs. First, as-
similation of modern crustal material during magma ascent could produce false positives for the presence
of recycled crustal components (both sediments and oceanic crust), although the differences in radiogen-
ic isotopic trace element compositions between OIBs, arc lavas, and possible assimilates allow reasona-
bly robust tests of such processes for most samples (Blusztajn et al., 2018; Nielsen, Rehk&dmper, Norman,
et al., 2006). Second, weathering processes like partial dissolution and secondary mineral precipitation can
also affect both TI concentrations and isotopic compositions (Howarth et al., 2018; Nielsen et al., 2016;
Nielsen, Prytulak, et al., 2017). These processes are, however, readily identified with other physical and geo-
chemical indices, such as thin-section inspections, loss on ignition, chemical index of alteration, radiogenic
isotopes (e.g., ¥Sr/*°Sr), and trace element ratios (e.g., Rb/Cs).

Finally, Tl is a highly volatile metal and, therefore, loss of Tl during magma degassing is possible. This pro-
cess can affect both concentrations and isotope compositions of erupted lavas if Tl loss is associated with ki-
netic isotope fractionation whereby the light isotope (** T1) is lost preferentially to the heavy isotope (** T1),
thus resulting in progressively heavier TI isotope compositions in the residual lava. Although stable iso-
tope fractionation of Tl can also be produced by equilibrium fractionation processes that are both mass-de-
pendent and mass-independent (Moynier et al., 2013; Schauble, 2007), these are generally very minor in
high-temperature processes (Nielsen et al., 2016; Prytulak et al., 2017) and are unlikely to be associated
with volcanic degassing. Data from volcanic fumaroles have shown large ranges in Tl isotope compositions
(Baker et al., 2009) that are on the order of the variations observed in both sediments and altered oceanic
crust, suggesting that TI isotope fractionation does take place during degassing and that Tl isotope varia-
tions associated with these kinetic effects (as opposed to the equilibrium effects mentioned above) could be
significant. However, on average, these fumaroles appeared indistinguishable from basaltic lavas (although
the lavas the fumaroles were degassed from were not measured), suggesting that, overall, degassing is typi-
cally not associated with net Tl isotope fractionation. Nevertheless, in several studies of arc lavas and OIBs
samples have been identified where degassing processes were suspected to have significantly influenced T1
concentrations and isotope compositions, prompting these to be discounted from interpretations relating
to crustal recycling (Nielsen, Prytulak, et al., 2017). However, it is still an open question whether TI isotope
fractionation by degassing occurs and, if so, what the magnitude of the associated isotopic fractionation is.

Here, we present T1 concentration and isotope data from degassing experiments that reveal significant iso-
topic fractionation as a function of Tl loss. We also present data for a set of basaltic lavas from the Kamchat-
ka arc to test the potential effects of lava degassing in natural samples. These samples were selected because
a significant sediment contribution to their mantle wedge magma source has been excluded in previous
studies (Churikova et al., 2001, 2007; Dorendorf, Churikova, et al., 2000; Dorendorf, Wiechert, et al., 2000;
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Huang et al., 2018; Liu et al., 2020; Miinker et al., 2004). These Kamchat-

Table 2
Tl Isotope Composition and Concen[rationsfor Degassing Experiments ka lavas show TI concentration and isotope patterns for individual volca-
Tl Cr co/ Gas molar noes that are 1der1tlcal. to those p@(%uce'd by the degassing experiments.
Sample 95T (ug/g) (ug/g) CO, mass(g/mol)  Moreover, the total Tl isotope variation is as large or larger than that as-
sociated with crustal recycling. Our data, therefore, imply that degassing
Starting material 3.5 403 601 . . o . -
can be an important process in modifying Tl isotope compositions of
FO 08 e 1y euy L = mantle-derived lavas that erupt subaerially.
FO 14 8.1 152 713 0.435 39.2
FO 18 10.8 44 595 4.348 31.0 2. Samples and Methods
FO 19 12.1 37 701 43.444 28.4

2.1. Experimental Procedures

Cr concentrations from Norris and Wood (2017).

The experiments used a novel one-atmosphere gas-mixing furnace in

which the sample can be continuously stirred at high temperature un-
der controlled oxygen fugacity (Norris & Wood, 2017). The crucible and stirrer mechanism were made of
high-purity nickel. The total furnace tube length is 720 mm and its internal diameter 45 mm. The ends are
sealed with O-rings and metal end-caps and the latter cooled with recirculating chilled water. The starting
material was a natural basalt from the Reykjanes Peninsula crushed and ground using an agate disc mill and
doped with 300-500 ug g~* of a number of trace elements (Ag, Bi, Cd, Cr, Cu, Ga, Ge, In, Pb, Sb, Sn, Tl, and
Zn) each added as reagent-grade oxide. The experimental charges used here are the same as those produced
previously (Norris & Wood, 2017).

For each experiment, 3 g of material was weighed out, pressed into a 12-mm diameter pellet and placed
inside the 18-mm internal diameter crucible. The crucible was introduced into the preheated furnace from
below, standing on an alumina pedestal. The crucible took about 2 min to reach melting temperature, after
which the stirrer was introduced from above, inserted ~8 mm into the melt and the furnace sealed. Volatile
loss experiments (Table 2) were performed for 60 min at 1,300°C and a range of log fO, values from —7 (ex-
periment number FOO08) to —13 (experiment number FO19). The oxygen fugacities of the experiments were
controlled using CO/CO, gas mixtures of known ratio and checked using a solid zirconia potentiometric
oxygen sensor. The control gas flow rate through the furnace was equivalent to a linear velocity of 0.1 cm/s
and the sample melt was stirred at 30 rpm. At the end of the experiment, a trapdoor in the bottom of the
furnace was opened, allowing the pedestal and assembly to fall into a water bath.

The Ni crucible was mounted in epoxy and sliced in half with a diamond wafering saw to expose the clear
quenched glass sample. One half of the capsule was polished and glass for isotopic analysis dug out using
a diamond dentist’s drill-bit.

2.2. Kamchatka Lavas

Subduction-related volcanism in Kamchatka occurs in three trench-parallel volcanic belts: the Eastern Vol-
canic Front (EVF) is located closest to the trench about 100 km above the subducting Pacific plate (Gorba-
tov et al., 1997), the Central Kamchatka Depression (CKD), and the Sredinny Ridge back-arc region (SR)
(Churikova et al., 2001). We present new T1 isotope and concentration analyses on a series of Holocene low
to medium K calc-alkaline lavas from three volcanoes in the Kamchatka arc: Gamchen and Komarov from
the EVF, and Bakening at the southern extension of the CKD located about 200 km above the subducting
slab (Gorbatov et al., 1997). Samples were selected to be visually perfectly fresh and to cover the entire com-
positional range documented by previously analyzed major and trace element compositions and radiogenic
isotope measurements (Churikova et al., 2001; Dorendorf, Churikova, et al., 2000; Dorendorf, Wiechert,
et al., 2000). Bakening rocks (total of 13) are exclusively basalts with high MgO = 7.8%-9.8% and relatively
minor amounts of fractional olivine and pyroxene crystallization (Figure 1). Samples from Gamchen (total
of 7) range from SiO, = 49.8%-55.4% and MgO = 3.0%—6.2%, which can be accounted for mainly by frac-
tional crystallization of olivine and pyroxene from a basaltic parental magma (Figure 1). Here, we use plots
of MgO versus Co and CaO versus Sc to qualitatively assess crystallization of olivine and clinopyroxene,
respectively. These elements are used because Mg and Ca are primary constituents of olivine and clino-
pyroxene, respectively. At the same time, Co is compatible in olivine and incompatible in clinopyroxene,
while Sc is incompatible in olivine and compatible in clinopyroxene (Le Roux et al., 2011). Finally, lavas
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Figure 1. Major and trace element plots for lavas from Gamchen, Bakening, and Komarov volcanoes in Kamchatka. Arrows denote generic direction of
chemical evolution expected for olivine and clinopyroxene fractional crystallization.

from Komarov (total of 4) have ranges of SiO, = 51.7%-53.7% and MgO = 5.4%-8.2% that have a poorer
fit with fractional crystallization from a single starting composition, perhaps suggesting the influence of
other mineral phases or multiple magmas (Figure 1). However, in general, the compositional variations
in the lavas erupted from these centers are relatively small and can be accounted for mainly by fractional
crystallization, which is also consistent with all Kamchatka lavas being erupted during Holocene times over
a relatively short time span (Ponomareva et al., 2007). Radiogenic Sr isotope compositions are relatively
uniform for samples from a particular volcano and are also close to MORB values (Churikova et al., 2001;
Dorendorf, Churikova, et al., 2000; Dorendorf, Wiechert, et al., 2000). These observations together suggest
that the magma source was relatively uniform. Fluid-mobile elements, however, show large enrichments
and are more variable as expressed in high and variable ratios of B/La, Ba/Nb (Churikova et al., 2007) and
As/Ce or Sb/Ce (Liu et al., 2020).

2.3. Thallium Isotope and Concentration Measurements

We used aliquots of previously investigated sample powders of the Kamchatka lavas or small glass frag-
ments (~10 mg) from the experimental charges (Norris & Wood, 2017). All samples were dissolved in a 5:1
mixture of concentrated distilled HNO; and HF on a hotplate for 24 h. They were then dried and fluxed
several times using a 1:1 mixture of concentrated distilled HNO; and HCI until the fluorides, which formed
in the first step, were completely dissolved. Following this, samples were dried again on a hotplate and dis-
solved in 1 M hydrochloric acid for ion exchange chromatographic separation of Tl. Thallium was separated
from the matrix of samples in the NIRVANA (Non-traditional Isotope Research for Various Advanced Novel
Applications) clean lab at Woods Hole Oceanographic Institution (WHOI) using published ion-exchange
chromatographic methods (Nielsen et al., 2004; Nielsen & Rehkédmper, 2011; Rehkdmper & Halliday, 1999).
Total procedural blanks including sample dissolution and column chemistry for T1 were determined for
every set of samples processed through the column chemistry and were always <2 pg, which is significantly
less than the minimum amounts of T1 processed (~1.5 ng) and, therefore, negligible.

The Tl isotope compositions were analyzed on a Thermo Finnigan Neptune multiple collector inductive-
ly coupled plasma mass spectrometer (MC-ICPMS), located in the WHOI Plasma Facility. External cor-
rection for mass discrimination to NIST-SRM 981 Pb and standard-sample bracketing of the NIST-SRM
997 Tl standard were applied for analysis of Tl isotope compositions (Nielsen et al., 2004; Nielsen & Reh-
kidmper, 2011; Rehkdmper & Halliday, 1999). Tl concentrations were determined by monitoring the 0511
intensity during the isotopic measurements, because the column chemistry procedure returns quantitative
Tl yields (Nielsen et al., 2004; Nielsen & Rehkdmper, 2011; Rehkédmper & Halliday, 1999). The measured
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Figure 2. Thallium isotope compositions plotted against Cr/TI ratios for degassing experiments. Also shown are two
models in which the starting material is either degassed via fractional loss or batch loss mechanisms. Chromium is
assumed refractory in the experiments such that only TI loss affects the Cr/TI ratio.

295 T1/2%pb ratios were converted directly into Tl concentrations by adding a known quantity of NIST-SRM
981 Pb to each sample after separation of Tl (Nielsen et al., 2015). Throughout the course of this study, the
USGS basalt powder BHVO-1 was also processed together with sample unknowns to monitor data quality.
These analyses, which have been presented in previous manuscripts, displayed TI isotopic compositions
consistent with literature values of € Tl = —3.6 + 0.4 (2sd, n = 43) (Shu et al., 2017, 2019). Similarly,
TI concentration measurements of BHVO-1 yielded values (40 + 5 ng/g; 2sd) within the error of previous
study (Makishima & Nakamura, 2006; Nielsen et al., 2015; Prytulak et al., 2013). As in previous studies,
we use these uncertainties throughout this manuscript as our best estimates of the total external error on
individual Tl isotope and concentration measurements.

Concentrations of Tl and Cr in the experimental charges were also measured by laser ablation ICPMS (Nor-
ris & Wood, 2017) and the reported Tl concentrations are averages of the values determined via the two
techniques.

3. Results

Thallium concentrations and isotope compositions for degassing experiments and the starting material are
shown in Table 2 and plotted in Figure 2. Here, it can be seen that the starting material had the highest Tl
concentration and lightest isotope composition, with progressively lower Tl concentrations and heavier
isotope compositions for the degassing experiments that reveal between 60% and 90% T1 loss and a change
of almost 9 €2 Tl-units relative to the starting material (Figure 2).

Data for lavas from Gamchen, Komarov, and Bakening are shown in Table 1. These samples also show a
general tendency of lower Tl concentrations being associated with progressively heavier TI isotope com-
positions when considering the volcanoes individually. Normalization of Tl abundances to Ce, which has
a similar bulk partition coefficient to Tl (Nielsen et al., 2014), reveals systematic enrichments in heavy Tl
isotopes as Ce/Tl ratios increase (Figure 3).
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Table 1

Geochemical Data for Lavas From Gamchen, Komarov, and Bakening Volcanoes

Sample SiO, TiO, ALO; Fe,0; FeO MnO MgO CaO Na,O K,0 P,0Os LOI Sc Co Ce Tl e Tl
Gamchen volcano

GAM-96-14  55.8 0.86 18.5 3.38 5.39 0.18 3.62 7.96 3.26 0.33 0.13 0.46 25 22 9.4 0.0096 13.5
GAM-96-16  54.9 0.80 18.1 2.59 5.79 0.17 4.23 8.44 2.86 0.85 0.11 0.34 32 25 nd 0.0517 -0.3
GAM-96-28  49.8 0.83 17.9 2.59 7.96 0.20 6.24 10.93 2.37 0.66 0.13 0.21 41 40 13.1 0.0259 1.2
GAM-96-07 51.6 0.85 18.6 3.43 5.73 0.18 5.35 9.12 2.72 0.49 0.12 1.58 28 32 11.5 0.0384 —0.9
GAM-96-12  54.7 0.80 19.8 2.30 4.67 0.14 2.98 8.44 3.18 0.68 0.12 0.46 21 17 nd 0.0517 0.6
GAM-96-22  52.8 0.80 7.2 2.49 6.88 0.19 5.95 9.54 2.78 0.54 0.12 0.60 34 35 12.7 0.0477 =21
GAM-96-26  50.6 1.00 18.5 2.87 8.48 0.20 4.94 9.93 2.60 0.61 0.11 0.46 35 38 10.9 0.0455 -1.5
Komarov volcano

KOM-96- 53.7 0.75 16.0 1.86 6.48 0.17 7.33 9.36 2.55 0.80 0.12 0.70 35 33 9.8 0.0790 -2.5

02/2

KOM-96-06  51.7 0.83 16.3 2.03 7.47 0.18 8.20 9.68 241 0.68 0.11 0.56 37 41 9.9 0.0523 -0.6
KOM-96-01 52.6 0.84 17.2 2.20 7.01 0.18 6.39 9.66 2.58 0.79 0.13 0.41 33 36 11.8 0.0590 -—0.8
KOM-96-14  53.5 0.81 17.8 3.19 6.24 0.18 5.36 9.33 2.83 0.56 0.12 0.36 30 36 10.4 0.0373 0.7
Bakening volcano

BAK-95-17 51.2 1.15 16.3 2.01 6.52 0.16 8.29 8.90 3.38 1.01 0.29 0.60 29 38 26.7 0.0753 —0.7
BAK-95-24  49.7 1.03 16.2 2.46 6.91 0.17 9.83 9.67 2.87 0.70 0.21 0.60 34 46 19.4 0.0397 1.6
BAK-95-31 50.3 1.09 16.1 2.24 6.89 0.17 9.15 9.32 3.21 0.95 0.26 0.27 30 44 24.7 0.0627 3.4
BAK-95-14 50.3 0.99 16.4 2.18 7.02 0.18 8.92 9.74 3.00 0.68 0.23 0.49 33 41 21.5 0.0484 0.4
BAK-95-15 50.1 0.96 16.8 2.60 6.73 0.19 8.33 9.51 3.00 0.77 0.26 0.51 32 40 23.2  0.0403 1.2
BAK-95-30  50.5 1.08 16.3 2.58 6.56 0.17 9.05 9.22 3.16 0.94 0.26 0.32 30 43 23.4  0.0648 0.5
BAK-95-33 51.3 1.03 16.8 2.35 6.56 0.17 8.32 9.06 3.14 0.92 0.23 0.43 29 43 23.0 0.0582 0.9
BAK-95-34 51.2 1.04 16.9 2.08 6.70 0.17 7.80 8.94 3.18 0.91 0.23 0.47 29 38 22.7 0.0832 -0.4
BAK-96-04  48.8 1.13 17.3 2.68 7.09 0.17 8.09 10.5 2.83 0.70 0.17 0.25 38 38 18.2 0.0088 6.7
0-95-26 50.4 1.10 16.3 2.53 6.42 0.15 9.40 9.06 3.22 0.90 0.28 0.23 30 43 23.8 0.0283 4.7
23 49.7 1.16 15.8 2.81 6.79 0.16 9.30 9.33 3.05 L35 0.39 0.14 28 43 30.8 0.0432 39
23/1 49.8 1.15 15.8 4.30 5.35 0.16 9.17 9.33 3.08 1.36 0.39 0.25 30 47 31.1 0.0119 8.3

Note. Major element oxides and loss on ignition (LOI) in weight %; Trace elements in ug/g. Major elements, LOI, Sc, Co, and Ce from Dorendorf, Churikova,
et al. (2000), Dorendorf, Wiechert, et al. (2000), and Churikova et al. (2001), Tl concentrations and isotope compositions from this study.

Abbreviations: LOI, loss on ignition; nd, not determined.

4. Discussion
4.1. Experimental Tl Isotope Fractionation

Generally, the pattern of heavier Tl isotope compositions as a function of T1 depletion (Table 2) is consistent
with kinetic isotope fractionation of Tl during degassing. To correct for potential mass loss from the entire
experiment we normalize the T] abundances to the relatively refractory element, Cr (Figure 2). For con-
sistency with the natural lava data, it would have been ideal to normalize the Tl abundances to Ce for the
experimental glasses as well. However, this element was not determined for the experimental products and,
in any case, degassing of Cr was not sufficient to cause any detectable loss (Table 2).

We can reproduce the coupled TI loss and kinetic isotope fractionation through an open-system fractional
Rayleigh model:
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Figure 3. Thallium isotope compositions plotted against Ce/Tl ratios for lavas from Bakening, Komarov, and Gamchen volcanoes. Plotted are also the two
different kinetic degassing models for natural and forced gas convection (see text for details). The starting composition of each volcano was estimated based on
the least degassed samples. The secondary axis shows TI loss in percent relative to the modeled starting composition.

c e
R, = Ry x [C—'] (eq 1)

0

where R, and R, are the Tl isotope compositions of the residual degassed experimental products at time ¢t and
the starting material, respectively; C; and C, are the Tl concentrations of the residual degassed experiment
at time t and the starting material, respectively; and « is the constant isotope fractionation factor between
fractional volume of gas and its residual at any given point in time, Ryy/Rresiaual- This equation applies when
the evaporating source is changing but of uniform composition at all times. Alternatively, we can construct
a closed-system batch model where the entire amount of degassed Tl is equilibrated with the residual melt
before being released according to the equation:

S
Coal1- G

Co Co

It should, however, be noted that the experimental conditions, where gas was continuously removed from
the solid residue by advection, make this latter model relatively improbable. The average fractionation fac-
tors that best fit the experimental data are ag,. = 0.99964 for the fractional model and ay,en = 0.9991 for
the batch model (Figure 2). However, the fractional model provides a better overall fit to the data, which is

also consistent with the experimental conditions in the 1 atm furnace that allowed free degassing of volatile
elements into a gas that was flowing slowly across the sample surface.

R, = R, x
(eq2)
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Recent study has provided a theoretical basis for degassing-induced stable isotope fractionation (Richter
et al., 2002, 2011; Sossi et al., 2020; Young et al., 2019). This study has resulted in predictions of net fraction-
ation factors at atmospheric pressure for the cases of control by diffusion into a gas that is under a forced
convection regime (Young et al., 2019) and diffusion into a gas under a natural convection regime (Sossi
et al., 2020). The principal difference between these two approaches is that the gas velocity is significantly
lower for the natural convection case (all else being equal), which results in the mass transfer coefficient (k.)
taking two different forms (Chilton & Colburn, 1934; Frossling, 1938; Sossi et al., 2020). Both approaches
predict that net isotopic fractionation (o) between two isotope species with masses n; and m; in terrestrial
lavas primarily depends on the reduced masses uy and . as follows:

B
Ay = Hix. (eq3)
Hik

where W is the reduced mass m;ny/(m; + my) that also includes the molar mass of the ambient gas phase
my and S8 of either 1/2 (in the case of diffusion with forced convection; Young et al., 2019) or 1/3 (in the case
of diffusion with natural convection; Sossi et al., 2020). These exponents are a direct consequence of the two
expressions for k. under the two gas convection regimes.

In the following, we discuss the likely mass of the isotopic species (m; and m;) of Tl that need to be consid-
ered in the experiments we conducted. Previous empirical study on lavas has suggested that T1 degasses as
the TICI species (Churakov et al., 2000), although thermodynamic considerations suggest that reduced T1°
gas (Barin et al., 1989) may also be important. Recent study on the relationship between the Cl contents
of basalts and their Cl, fugacities (Thomas & Wood, 2021) can be used to calculate the ratio of TICI to TI°
during equilibrium degassing. Although we do not know the exact CI content of the Icelandic basalt used
for the experiments, the average Cl content of 64 Icelandic basalts in the GEOROC database is 550 ug/g
(10 = 190 pg/g). We used this concentration together with the relationship between Cl content and Cl,
fugacity from Thomas and Wood (2021) and thermodynamic data on the gas species (Barin et al., 1989) to
calculate the ratio of TICI to T at the oxygen fugacities of the experiments. At 1,300°C we obtain values of
between 6 (at fO, = 10™"*) and 180 (at fO, = 1077) for the TICL:TI° ratio in our experiments. Even if the true
Cl concentration is 1 standard deviation (190 ug/g) lower than assumed, the TICI:T1° ratios would only drop
to 4 (at fO, = 107) and 115 (at fO, = 1077). TICl should therefore dominate in our experiments, but T1° may
be significant under the most reducing conditions. For these reasons, oxygen fugacity is not expected to
impart any direct control on the isotope fractionation factors observed in our experiments. Furthermore, it
has been argued based on theoretical considerations that, apart from possible changes in speciation and the
molar mass of ambient gas, oxygen fugacity does not control kinetic isotope fractionation during degassing
because k. is largely independent of fO, (Sossi et al., 2020).

Due to the different masses of TI’ and TICI, it is important to consider both species when calculating theo-
retical Tl isotope fractionation factors. In addition, the molar mass, my, of the ambient gas has a large effect
on o, (Equation 3), which is important to consider here because our experiments were conducted with var-
iable mixtures of CO and CO, (Norris & Wood, 2017), which leads to different molar masses for the ambient
gas in each experiment (Table 2). Although all the experiments fit a general fractionation trend relatively
well (Figure 2) it can be seen that experiments FO 8 and FO 14 plot slightly below the best fit line, whereas
FO 18 and FO 19 plot slightly above. This is well explained by the variations in molar mass of the gas in the
experiments (Equation 3, Table 2).

Here, we calculate predicted fractionation factors for T1° and TICI species using diffusion in both forced
and natural gas convection cases (Table 3). The comparison between predicted and measured TI isotope
fractionation factors reveals a strong fit between TICl degassing in a system controlled primarily by diffu-
sion and natural gas convection (Figure 4). Even though no Cl was added to the experiments, it appears
that background abundances of Cl were sufficient to dominate the Tl speciation during degassing, even for
the most reduced of our experiments, which, as outlined above, is consistent with the average literature C1
abundances for Icelandic basalts. Our calculations also imply that the natural gas convection formulation of
kinetic isotope fractionation during degassing more closely approximates the behavior of Tl and its isotopes
during degassing in our experiments than the forced gas convection-diffusion model (Figure 4). This result
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Table 3
Calculated and Measured Tl Isotope Fractionation Factors for Degassing Experiments
net Tlo, Onet TICL net Tlo’ et TICL
Experiment Tl loss (%)* £ =0.33 g =0.33. B=0.5 B=0.5 et measured  Error”
FO 08 53.4 0.99943 0.99957 0.99914 0.99936 0.99957 0.00007
FO 14 68.3 0.99947 0.99961 0.99921 0.99941 0.99959 0.00004
FO 18 88.9 0.99957 0.99968 0.99935 0.99952 0.99967 0.00003
FO 19 92.1 0.99960 0.99970 0.99940 0.99956 0.99966 0.00005

Tl loss is calculated based on Cr/Tl ratios in experiments relative to the starting material.  Errors propagated based on
the uncertainties of the Tl concentrations and isotope compositions.

is consistent with the low velocity of the advective gas transport (0.1 cm/s) that was part of our experimental
setup (Norris & Wood, 2017).

Although our experimental results fit exceptionally well with the theoretical formulation of TIC] degassing
based on the natural gas convection case (Sossi et al., 2020), there are several reasons why natural samples
might not adhere exclusively to this formulation. First, both the natural and forced gas cases require the
solid medium to be well mixed during degassing, which is more difficult to achieve for more viscous melts.
Second, the speciation of TI in a melt could vary as a function of the oxygen fugacity in concert with the
concentrations of Cl and other ligand-producing species such as S that might affect the degassed TI species
(Johnson & Canil, 2011). Finally, the dominant mode of degassing in nature is likely to vary and may not
always correspond most closely with the natural gas convection formulation.

In the following, we examine TI isotope and concentration patterns from three Kamchatka arc volcanoes to
compare our experimental results with natural samples.
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Figure 4. Measured and calculated Tl isotope fractionation factors for our four degassing experiments. Data are listed
in Table 3. The calculated fractionation factors were computed using Equation 3 with an exponent of 8 = 0.5 for forced
gas convection and 8 = 0.33 for natural gas convection.
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4.2. Natural Degassing From Kamchatka Volcanoes

Sample suites from Gamchen, Komarov, and Bakening volcanoes also show increasing €25T-values as a
function of increasing Ce/TI ratios (Figure 3). Because Tl concentrations may also be affected by fractional
crystallization, variations in the T1 budget of erupted lavas are best monitored via normalization to Ce,
which exhibits the same bulk partition coefficient as Tl (Nielsen et al., 2014). It is well known that Tl in arc
lavas is sourced primarily from the slab (Nielsen, Prytulak, et al., 2017; Noll et al., 1996) and that these slab
sources can exhibit large TI isotope variations (Nielsen et al., 2016; Nielsen, Prytulak, et al., 2017; Prytulak
et al., 2013; Shu et al., 2017). The only known slab source that consistently exhibits heavy TI isotope com-
positions is pelagic clays (Nielsen et al., 2016; Rehkdmper et al., 2004) because they are enriched in Mn
oxides that absorb large quantities of isotopically heavy Tl (Nielsen et al., 2013). Hence, the heavy Tl isotope
compositions in the Kamchatka lavas could be consistent with the addition of variable amounts of pelagic
sediment to the melting region. However, previous studies have concluded that sediments are essentially
absent in the Kamchatka melting region (Churikova et al., 2001, 2007; Dorendorf, Churikova, et al., 2000;
Dorendorf, Wiechert, et al., 2000; Huang et al., 2018; Liu et al., 2020; Miinker et al., 2004) and pelagic
clays are associated with Ce/Tl ratios as low as 20 (Nielsen et al., 2016; Nielsen, Prytulak, et al., 2017; Shu
et al., 2017). Thus, the trend toward heavy isotope compositions with increasing Ce/TI ratios in the Kam-
chatka lavas cannot be explained by variable slab inputs.

These trends can instead be compared with the expected values of a,,, when degassing into air and diffusion
under the forced and natural convection cases. Based on the calculated values for diffusion and convection
in air it would be predicted that natural basaltic lavas should be associated with a,.; = 0.99969 for the case
of slower (natural) gas convection and o, = 0.99955 for the case of forced gas convection. The data from
the three volcanoes in the Kamchatka arc appear to plot in between the two degassing models, suggesting
that natural systems experience different periods of degassing that are best approximated by both models.

However, as outlined in Section 4.1, the magnitude of o, may vary for different magmatic systems, in par-
ticular for melts with low CI contents (e.g., <100 pg/g) and high S contents that would potentially change
the speciation of TI in the melt, or high viscosities that would attenuate the magma homogeneity during
degassing. Thus, both the mode of degassing and the composition and physical state of the melt may have
an influence on o

Given that basaltic and andesitic Kamchatka lavas on average contain similar amounts of Cl to average
Icelandic basalts (Izbekov et al., 2004; Ponomareva et al., 2013; Tolstykh et al., 2012), speciation is unlikely
to explain the apparent variations in a,.. We can speculate about how the mode of degassing may control
whether the forced or natural convection models better describe natural data in general. As a reminder,
natural convection applies generally to relatively low gas velocities, whereas forced convection applies to
higher gas velocities. Degassing can take place at multiple different stages of the eruption process, from dur-
ing magma storage in a shallow magma chamber, to effusive eruption via strombolian activity, and finally
during viscous flow of lavas and even after arrest until final solidification. If we consider these potential
degassing stages in terms of the forced and natural gas convection models, it appears most likely that the
natural convection scenario would primarily apply to the magma storage stage and not to the latter stages
of eruption. In addition, lava flows often rapidly evolve into relatively viscous liquids due to cooling, which
would tend to attenuate sample homogenization during degassing and render both formulations inappro-
priate. Thus, degassing in the vent after shallow fragmentation during final ascent and in the eruption
plume during strombolian activity might present the most likely case to produce significant degassing that
is associated with kinetic isotope fractionation under forced gas convection conditions. This equally applies
to both scoria and massive lava flow samples because even massive lava flows generally pass through a
phase of strombolian fountaining before collecting into flows. Finally, closed-system batch loss (Equation 2)
could also theoretically be possible if early stages of degassing occurred in a closed magma chamber at
largely atmospheric pressure. However, this possibility seems very unlikely.

In the end, the dominant parameter (degassing mode, T1 speciation, physical state of magma during degas-
sing) in controlling variations in a,. is hard to determine exactly for the samples investigated here because
even samples from the same volcano could derive from different magma starting compositions. In this way,
small amounts of heterogeneity in either Ce/Tl and/or €% Tl of the starting magma could account for some
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of the variability in perceived o, However, without a doubt the vast majority of the Tl isotope variation
observed for these three Kamchatka volcanoes is caused by kinetic isotope fractionation during degassing.

4.3. Comparison with Literature Data

There are a number of studies that have reported TI isotope data for subaerial basaltic lavas (Bluszta-
jn et al., 2018; Nielsen, Rehkdmper, Norman, et al., 2006; Nielsen et al., 2007, 2016; Nielsen, Prytulak,
et al., 2017; Prytulak et al., 2013; Shu et al., 2017), which could in principle all have been affected by de-
gassing. Previous studies typically assessed influence from degassing based on Ce/Tl ratios in combination
with anomalously heavy Tl isotope compositions, which frequently resulted in removal from consideration
of samples suspected of degassing. The results presented here clearly justify this earlier conservative ap-
proach, but we can furthermore use the new quantitatively determined TI isotope fractionation factor to
investigate if there is any evidence that previous studies have overestimated or underestimated effects from
degassing. The primary difficulty in making a robust assessment of degassing in samples from previous
studies is that most only analyzed small sample sets (1-3) from individual volcanoes, which precludes con-
struction of clear degassing trends like those observed here for Kamchatka volcanoes (Figure 3). However,
upon further inspection of several previously published data sets from the Marianas, Ryukyu arc, Aleutian
arc, and the Azores it is possible to discern small effects from degassing not previously recognized (Fig-
ure 5). These four data sets were each carefully evaluated for degassing and it was concluded that Tl isotope
variation could not confidently be ascribed to such a process (Nielsen et al., 2007, 2016; Prytulak et al., 2013;
Shu et al., 2017). However, for the samples highlighted in Figure 5, that originate from individual volcanoes
or volcanic centers, relatively strong correlations between Ce/Tl ratios and Tl isotope compositions are evi-
dent that also plot close to the two predicted Tl degassing trends with a,ee = 0.99969 and et = 0.99955 that
we show the three Kamchatka volcanoes plot in between (Figure 3).

We, therefore, conclude that the heaviest Tl isotope compositions in Azores and Mariana lavas likely were
produced by degassing, which significantly attenuates the overall variation in these two locations. These
samples were already flagged as anomalous relative to the remainder of samples analyzed in those two stud-
ies (Nielsen et al., 2007; Prytulak et al., 2013) and did not strongly affect their conclusions. Our new evidence
for degassing simply underscores the relatively minor Tl isotope variations in these two locations, although
both still consistently record Tl isotope values above the average depleted mantle (€*°° Tl = —2 + 0.5; Niels-
en, Rehkémper, et al., 2017), which suggest influence from recycled pelagic sedimentary material.

Okmok volcano (Figure 5c) is situated in the Eastern Aleutians where lavas overwhelmingly exhibit TI
isotope compositions similar to average continental crust (€% Tl = —2 + 0.5 (Nielsen et al., 2005);), which
was suggested to reflect the influence of subducted detrital material derived from the North American
continent (Nielsen et al., 2016). Notably, the primary excursion from crustal-like T1 isotope compositions in
the Eastern Aleutians were the heavier samples from Okmok, which now appear likely to reflect degassing.
Thus, lavas from the Eastern Aleutians are even more invariant around the average crustal value, which
reinforces the previous conclusion that TI isotope systematics in this part of the Aleutian arc is dominated
by subducted clastic sediments.

Finally, the degassed lavas from Hokusatsu (South Kyushu) (Figure 5d) also exhibit the heaviest Tl isotope
compositions in the Northern portion of the Ryukyu arc (Shu et al., 2017). Similarly to the Aleutians, it was
found that sediments subducted in this part of the arc strongly resemble average continental crust (Shu
et al., 2017), with all lavas, except the two heavy samples here implied as degassed (Figure 5d), being indis-
tinguishable from sediments measured outboard of this portion of the arc. Hence, accounting for the effect
of degassing reduces the overall Tl isotope variation in Northern Ryukyu and strengthens the conclusions
that were reached in the initial study.

It should be highlighted, however, that the majority of subaerial basaltic lavas appear to record either minor
or no effects on Tl isotopes from degassing (Blusztajn et al., 2018; Nielsen, Rehkdmper, Norman, et al., 2006;
Nielsen et al., 2007, 2016; Nielsen, Prytulak, et al., 2017; Prytulak et al., 2013, 2017; Shu et al., 2017). This
lack of significant Tl degassing was even evident in lavas covering large ranges of magmatic evolution
(Nielsen et al., 2016; Prytulak et al., 2017), suggesting that time spent in a magma chamber before eruption
is not the main factor controlling Tl degassing. As such, TI isotope ratios should still be recognized as a
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Figure 5. Thallium isotope compositions plotted against Ce/Tl ratios for lavas from Azores, Marianas, Aleutians, and Ryukyu arc (yellow squares). Blue
squares denote samples from individual volcanoes or volcanic centers in which a degassing trend can be discerned. Shown are also the two Tl loss models with
Anet = 0.99969 (dashed line, natural gas convection) and ayee = 0.99955 (dotted line, forced gas convection). The starting composition for each degassing trend
was estimated based on the least degassed samples in each location.

powerful tracer of mantle recycling processes. In particular, it is worth noting that lavas from the HIMU
(i.e., high U/Pb) OIB St. Helena generally display TI isotope compositions lighter than the depleted mantle
(Blusztajn et al., 2018), which clearly cannot be explained by degassing and was argued to be consistent with
the presence of recycled altered oceanic crust in the mantle source. Regardless of the clear utility offered
by Tl isotopes as a tracer of mantle recycling, it is also important to remember that it is near impossible to
identify T1 isotope degassing effects for single samples from a volcano. Thus, we argue that future studies of
subaerial lavas should focus on generating larger TI isotope data sets for individual volcanic centers, which
provides better means to identify possible effects from degassing. At the same time, subaerial lava data sets
that feature single or only a few heavy Tl isotope compositions need to be carefully interpreted as it can
be difficult to distinguish effects due to degassing from TI isotope variation generated by distinct recycled
sediment components.
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5. Conclusions

We present new TI isotope and concentration data for degassing experiments conducted in a 1 atm furnace.
These exhibit Tl loss of 60%-90% relative to the starting material, which is accompanied by increasingly
heavier T1 isotope compositions with increasing loss of T1. The data are best accounted for by kinetic frac-
tional isotope fractionation that is controlled primarily by diffusion under natural gas convection (Sossi
et al., 2020) rather than under forced gas convection (Richter et al., 2002, 2011; Young et al., 2019). Our ex-
perimental results are consistent with TI1CI being the primary species degassed, which is in agreement with
evidence from natural volcanic systems (Churakov et al., 2000) and our own thermodynamic calculations.
We calculate that degassing from natural systems should be associated with net TI isotope fractionation
factors of either ane ~ 0.99969 or a,e ~ 0.99955 for diffusion in natural and forced gas convection cases,
respectively.

We also present TI isotope data for subaerial lavas from three Kamchatka arc volcanoes that broadly plot in
between the predictions of the two degassing models. These results suggest that natural systems can operate
under different degassing regimes, some of which approach forced gas convection with others approaching
natural gas convection. However, an inspection of literature Tl isotope data for a range of OIBs and arc lavas
reveal that only a minor subset of samples is likely to have been affected by degassing even at high degrees
of magmatic evolution. It is presently unclear what processes are controlling the amount of Tl degassing
and associated isotope fractionation in natural systems, but time exposure of the magma at atmospheric
pressure and potentially diffusivity of T1 in the melt could be important factors.
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