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ARTICLE INFO ABSTRACT

Editor: Catherine Chauvel Thallium (T1) is a highly incompatible element which can be redistributed during various igneous and hydro-
thermal events such as mineral dehydration and low-temperature hydrothermal alteration. Despite the strong
influence fluid-rock interactions can have on TI redistribution and the importance of fluids in subduction-zone
volatiles cycling, the geochemical behavior of Tl during high-P/T metamorphism has not yet been quantified.
Here we provide new Tl isotope composition (e2°°T1) and concentration ([T1]) data for a suite of 18 metapelite
and metacarbonate rocks from the Schistes Lustrés Complex and the nearby Lago di Cignana exposure in the
western Alps. This suite represents metamorphism over a range of peak metamorphic P-T conditions of
300-550 °C and 1.5-3.0 GPa (similar to the range of P-T experienced in most modern subduction zones).

With increasing metamorphic grade, [T1] shows no statistical variation while ¢2°°TI initially remains fairly
constant (in order of increasing grade, Fraiteve (unit A) e205T1avg = —2.1 (& 0.3); Assietta (unit B) SZO‘L—’TIavg =
—1.6 (& 0.6); Albergian (unit C) 5205T1avg = —1.9 (& 0.5)) before shifting to more negative values during higher
grade metamorphism (Finestre (unit D) .9205T1avg = —2.4 (£ 0.3); Cignana (unit E) .9205T1avg = —3.5 (£ 0.3)).
Although it appears likely that Tl is largely retained in such rocks to depths approaching those of arc magma
generation, the mineralogical hosts for Tl change during prograde devolatilization. This may contribute to a
significant shift in £2°°TI related to fractionation induced by only minor amounts of loss due to fluid-mineral
partitioning. Prograde metamorphism results in the breakdown of chlorite and other minor mineralogical con-
stituents, releasing chlorite-borne TI that could be in part incorporated into phengite and in part lost to fluids.
This study emphasizes the need for prograde mineral reaction history to be considered in studies of the retention
or loss of trace elements such as TL.
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1. Introduction

Subduction is a fundamental process governing the mass transfer of
Earth materials. Surface materials are transferred to the Earth’s interior,
where they can either be returned to the crust via arc magmatic processes
or carried to great depth in the mantle. As such, subduction ultimately
modifies the compositions of the major Earth reservoirs, including the
oceans, lithosphere, and atmosphere (Korenaga, 2018; Spandler and
Pirard, 2013; Taylor, 1977). However, significant questions remain
regarding how efficiently trace elements are injected into the mantle as
opposed to being recycled back to the surface via arc magamatism.
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Several new, non-traditional stable isotope systems have recently
been applied to subduction zone settings in an attempt to elucidate to
what extent surface materials may be transferred to volcanic arcs
(Barnes et al., 2019; Gaschnig et al., 2017; Konig et al., 2016; Prigent
et al., 2018). One such system of particular interest, thallium (T1), can be
an indicator of sediment flux accompanying subduction (Nielsen et al.,
2016) and shows differences in isotopic compositions in subducting
material and resultant arc rocks in many locations (Blusztajn et al.,
2018; Nielsen et al., 2017a; Prytulak et al., 2013). Shu et al. (2019)
demonstrated that Tl isotope compositions can vary depending on the
protolith as well as the metamorphic and metasomatic history of the
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Fig. 1. Simplified geologic map of the Western Alps, showing the locations of Schistes Lustrés and Lago di Cignana samples (A.). Regional location of area is depicted,
with Schistes Lustrés and Lago di Cignana regions highlighted in blue (B., upper panel). Schistes Lustrés sampling locations and traverse are enlarged for more
detailed view (B.). Inset in B displays the pressure-temperature ranges for the peak metamorphic conditions for each subunit of the Schistes Lustrés (Fr = Fraiteve, As
= Assietta, Alb = Albergian, Fin = Finestre) and Lago di Cignana (Cig). Figure is modified from Cook-Kollars et al. (2014) and P-T data are from Agard et al. (2001)
and Angiboust et al. (2009). For coordinates of sampling locations, please refer to the Supplementary material.

sample For example, the incorporation of altered oceanic crust (AOC)
can strongly influence the arc rock Tl isotope composition, and may even
overwhelm other contributors to the Tl budget. Likewise, overprinting of
the subducting materials by metamorphic fluids rich in Tl can result in
arc rock TI isotope compositions that are indistinguishable from mantle
values. Additionally, the incorporation of Mn-rich pelagic sediments can
shift arc rock Tl isotope compositions well outside the range of average
mantle values as Mn oxides have a significant positive isotope signature
(Nielsen et al., 2016). In fact, several redox-sensitive elements beyond Tl
have exhibited an “isotopic mismatch” between subducted slab material
and resultant arc magmas for some localities. This observed ‘mismatch’
has been attributed primarily to two potential sources: (1) the incor-
poration of an isotopically distinct sedimentary flux, and/or (2) the
isotopic fractionation of redox-sensitive elements during slab dehydra-
tion, resulting in an isotopically unique ‘fluid’ (Andersen et al., 2015;
Freymuth et al., 2015; Gaschnig et al., 2017; Konig et al., 2016; Prytulak
et al., 2013).

Thallium has two redox states (TI* and T1*%), which have been
invoked to explain the large variation in its isotope composition
observed in a variety of geologic settings (Nielsen et al., 2017b).

Variations in isotope composition are reported in epsilon units relative
to the NIST 997 Tl standard in parts per 10,000:

82057-1 = (zosTl/wsTlmmp[e — 20571/203711\/157-997)/(20571/2037-11\/151997) X 107 000

Adsorption and resultant uptake of oxidized Tl by pelagic clays and
Fe/Mn oxides has produced the heaviest £2°°Tl values currently
observed on Earth (Nielsen et al., 2017a, 2017b; Rehkamper et al.,
2004), with £2°°T1 up to ~ +15. Conversely, the remobilization and
deposition of reduced Tl during hydrothermal alteration of oceanic crust
shifts £2°°T1 compositions to much lower values (€2%°T1 down to ~ —15),
particularly when compared with average mantle values (€**>Tlyiors Y
pmM =~ —2) (Nielsen et al., 2017a, 2017b; Rehkamper et al., 2004), or
seawater values (¢2°°T] ~ —6) (Owens et al., 2017). Given that redox
processes and interaction with various fluids can alter TI isotope com-
positions to such extremes, it is increasingly pertinent to quantify the
effects of fluid formation on the elemental and isotopic behavior of Tl in
subduction processes, particularly as T1 is being used as a tracer of deep
mantle recycling (Blusztajn et al., 2018; Nielsen et al., 2006; Prytulak
et al., 2013; Shu et al., 2019).

Variably carbonate-rich metapelitic rocks of the Schistes Lustrés,
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Whole rock data for select elemental concentrations and thallium isotope compositions. Thallium data were collected in-house, all other major and trace element data
are sourced from Epstein et al., 2020.

MM grade Sample Q-ICP-MS [T1] (ng/g) MC-ICP-MS [T1] (ng/g) e2T] 26 n K,O (wt%) Rb (pg/g) Cs(pg/g) Cu (pg/g) FeyO3(T) (Wt%) MnO (wt%)

Fraiteve — grade A SL98-2PELA 1119 613 -1.1 03 3 35 148 8.1 76 7.4 0.23
SL99-19A 903 972 -22 01 3 31 170 10.5 100 6.8 0.11
SL99-28A 1479 1524 -24 02 3 51 244 14.9 120 6.4 0.09
SL99-30B 512 533 -28 04 3 19 88 5.2 50 8.4 0.81
Average 1003 910 -2.1 1.3 3.4 163 9.7 87 7.2 0.31

Assietta — grade B SL98-3PELD 1050 1154 -1.9 06 3 42 222 12.3 180 15.1 0.44
SL99-37C 1124 1013 0.0 0.8 3 4.0 219 10.9 20 7.8 0.09
SL99-38B 550 473 -21 09 3 1.3 76 4.5 60 3.7 0.22
SL99-40C 635 733 -2.0 01 3 20 109 6.1 50 5.1 0.08
Average 840 843 -1.5 17 2.8 157 8.5 28 7.9 0.83

Albergian — grade C SL99-13A 343 402 —-23 05 3 11 49 3.6 30 3.6 0.13
SL99-16A 909 781 -1.5 04 3 4.7 185 9.2 70 8.0 0.07
Average 626 592 -1.9 0.8 2.9 117 6.4 50 5.8 0.10

Finestre — grade D PEL-962 437 452 -29 05 3 23 3 80 7.0 0.56
SL99-34C 888 1033 -27 01 3 39 160 9.2 60 6.7 0.14
SL99-41D 1612 1352 -1.7 02 3 55 250 12.5 60 6.8 0.08
Average 979 946 -24 1.0 3.9 205 82 67 6.8 0.26

Cignana — grade E ~ 02-LDCS-10 1020 1078 -3.3 05 3 34 158 7.8 50 7.0 0.86
02-LDCS-11 1302 1505 -3.0 06 3 43 197 10.1 60 8.2 0.43
LC99-4A 881 957 -38 03 3 29 127 6.3 100 5.6 0.23
LC99-5A 519 603 -3.7 01 3 1.7 67 3.7 <10 3.4 0.99
Average 930 1036 -3.5 06 3.1 137 7.0 70 6.0 0.63

BHVO-2 This study 21.9 -14 03 4
Published (Brett et al., 2018) 23 -1.2 0.7

BCR-2 This study 316 -22 03 6
Published (Brett et al., 2018) 306 -24 02

Nod-A-1 This study 120,500 11.2 03 3
Published (Nielsen et al., 2017a, 108,000 10.7 0.5

2017b)

exposed in the Cottian Alps, Italy, provide an opportunity to examine the
effects of prograde slab devolatilization on Tl concentrations, mineral
residency, and isotopic composition. The Schistes Lustrés suite contains
units for which peak-metamorphic P-T conditions define a trajectory
similar to that experienced in modern subduction zones and that were
exhumed along isothermal to down-temperature exhumation paths, the
latter resulting in minimal retrogradation and preservation of prograde
devolatilization history (Agard et al., 2001; Bebout et al., 2013). These
rocks are well characterized through detailed field, petrologic, and
geochemical studies that considered the degree of evolution in con-
centrations of volatiles, whole-rock and single-mineral trace element
concentrations, and stable isotope compositions of several trace ele-
ments thought to be particularly mobile in HyO-rich metamorphic fluids
(Barnes et al., 2019; Bebout et al., 2013; Busigny et al., 2003; Cook-
Kollars et al., 2014).

We present Tl concentrations and isotope compositions for a suite of
18 metapelitic samples previously studied by Bebout et al. (2013) and
from units together reflecting peak metamorphism over a P-T range of
300-550 °C and 1.5-3.0 GPa (also see Barnes et al., 2019). The exami-
nation of this suite allows a detailed comparison of the behavior of Tl
with that of a number of other fluid-mobile elements of particular in-
terest in considering subduction zone chemical cycling (N, B, Cs, Li, and
Cl). We consider the utility and the potential limitations of using Tl
geochemistry to interpret subduction zone processes, including a
consideration of the effects of post-peak-metamorphic overprinting.

2. Geologic setting

The Schistes Lustrés and Lago di Cignana localities in the western
Alps, Italy represent pelagic sedimentary rocks that were subducted
under cool end-member subduction conditions, which together reflect
peak P-T conditions over ranges of 300-550 °C and 1.5-3.0 GPa, in line
with those experienced in most modern subduction zones (Fig. 1, see
Supplementary material for coordinates of sampling locations) (Agard

et al., 2000, 2001; Barnes et al., 2019; Bebout et al., 2013). The meta-
sedimentary rocks of the Schistes Lustrés display changing mineralogy
during prograde subduction metamorphism, with quartz, phengite,
carbonate, and chlorite present across all grades; however chlorite in the
later stages is rare and appears to be retrograde (Agard et al., 2000,
2001; Bebout et al., 2013; Cook-Kollars et al., 2014). The abundance of
calc-silicate minerals such as clinozoisite, garnet, titanite, and epidote
(among others) greatly increases between the Albergian and Finestre
stages of metamorphism (grades C and D) (Cook-Kollars et al., 2014).
Other accessory phases, such as rutile, apatite, and oxides, are also
present in most samples, although their occurrence generally increases
within later metamorphic grades. For a more detailed summary of
mineralogical changes and mineral chemistry, please refer to Agard
et al. (2001), Bebout et al. (2013), and Cook-Kollars et al. (2014). The
shift in mineralogy is accompanied by ~20% dehydration, largely
driven by the breakdown of chlorite, and to a lesser extent carpholite
and lawsonite, at P-T conditions between those represented by the
Albergian and Finestre units (Bebout et al., 2013).

Several traditional isotope systems (H, C, N, and O) show little or no
variation in isotope compositions with metamorphic grade or devolati-
lization in the Schistes Lustrés (Bebout et al., 2013; Busigny et al., 2003).
Similarly, many traditionally fluid-mobile elements, such as N, B, Li, Cs,
Ba, and Rb, were found to be largely immobile; rather than being lost to
fluids during devolatilization, these elements were redistributed within
evolving mineral assemblages with increasing metamorphic grade
(Barnes et al., 2019; Bebout et al., 2013). Interestingly, while Li con-
centrations displayed no discernible variation across metamorphic
grade, there was significant variation in Li isotope composition believed
to reflect differential chemical weathering of the protolith (Barnes et al.,
2019). These existing studies on the same suite of samples provide an
excellent framework with which to interpret the effect of prograde
geochemical processes on another traditionally fluid-mobile element, T1.
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In situ mineralogical thallium and manganese concentrations via LA-ICP-MS for each metamorphic grade.

Chlorite MM grade Fraiteve — grade A Assietta — grade B Albergian — grade C Finestre — grade D Cignana - grade E
WR contribution 13% ND 10% 13% 3%
[TI] (ng/g) 0.46 0.09 0.04 BDL 0.02
[Mn] (ng/g) 3.4 1.8 1.6 1.5 3.7
Phengite MM grade Fraiteve — grade A Assietta — grade B Albergian — grade C Finestre — grade D Cignana — grade E
WR contribution 21% 17%* 59% 36% 36%
[T1] (ng/8) 1.3 1.9 2.1 2.2 2.8
[Mn] (pg/g) 0.20 0.09 0.04 0.30 0.10
Calculated WR [T1] (ng/g) from in situ data 330 320 1240 790 1000

Whole rock (WR) contribution is calculated from point counting and denotes the overall fraction of that particular mineral that makes up the rock sample. *denotes an
average value from phengite grains and a mixture of quartz/fine-grained phengite identified during point counting. Values for Cignana (grade E) are the average of 3
thin sections that were analyzed; all other grades utilized one representative thin section. Each mineral of interest was analyzed a minimum of five times and averaged.
ND denotes mineral constituents that were not detected during point counting. BDL = below detection limit. Italicized chlorite samples for grades 3-5 denote that
chlorite here is believed to be retrograde (Cook-Kollars et al., 2014). WR [T1] is calculated using the WR contribution and mineralogical [T1] shown here. For com-

parison, measured WR [T1] is denoted in Table 1.

3. Methods
3.1. Sample preparation

Powdered samples were digested at the University of Massachusetts
Lowell and generally ranged from 20 to 80 mg of material. Samples were
first digested with 1 mL of concentrated, distilled HNO3 plus 3 mL of
concentrated HF in high-pressure PTFE bombs within an oven at 160 °C
for a minimum of 3 days. Samples were then transferred to 15 mL
Savillex screw-top beakers where they were evaporated and then
refluxed in 4 mL of distilled aqua regia on a hot plate at 140 °C for a
minimum of 24 h to remove any remaining fluorides. Samples were
uncapped and evaporated, with the resulting salts repeatedly dissolved
in 3 mL of 6N distilled HCI at 140 °C until a solution free of precipitates
was obtained. This typically required 2-3 cycles of 6N HCI refluxing.
Once any remaining precipitates were removed, the samples were
uncapped, evaporated, and brought up in 1 mL of 5% HNOs. An aliquot
of this solution was used for Tl and trace element concentration analysis
and the remaining solution underwent TI separation and isotope anal-
ysis at the National High Magnetic Field Laboratory at Florida State
University. Additionally, four USGS rock standards (BHVO-2, BIR-1a,
BCR-2, and NOD-A-1) were digested to use as external standards for
trace element concentration calibration and/or Tl isotope composition
measurements. All USGS standards were consistent with reported liter-
ature values (Table 1).

3.2. Whole rock thallium concentration measurements

A 50 pL aliquot of each sample and USGS rock standard solution was
diluted to 5 mL with 5% HNOs. Solutions were spiked with 20 ng/g
indium as an internal standard to correct for instrumental drift. The
USGS rock standards provided an external standard calibration curve for
the determination of trace element concentrations. Solutions were
analyzed on an Agilent 7900 quadrupole inductively-coupled-plasma
mass spectrometer (ICP-MS) within the University of Massachusetts
Lowell Core Research Facility. Additionally, Tl concentrations were also
calculated based on comparison to solution standards during T1 isotope
composition analysis via multi-collector inductively-coupled-plasma
mass spectrometer (MC-ICP-MS) (see Section 3.4.) for comparison of
analytical uncertainty.

3.3. In situ mineralogical thallium concentration measurements

One representative sample from each metamorphic grade was
selected to create a thin section. The final metamorphic grade was the
only exception, where three samples were selected for thin section work
to ensure any mineralogical variability was captured. These thin

sections were utilized for in situ laser ablation analyses. Mineral phases
were first identified via petrography and point counting and subse-
quently analyzed via electron probe microanalyzer (EPMA) housed in
the University of Massachusetts Amherst Department of Geosciences
Electron Microprobe/SEM Facility. Quantitative analysis was carried
out via Cameca SXFive-TACTIS, with optimized LaB6 source, 5 WDS
spectrometers, integrated Bruker SDD-EDS, and Cameca’s Peaksight
control software. All analyses utilized a 15 kV, 20 nA beam, nominally
focused for non-beam sensitive phases (garnet, oxides, sulfides) and
slightly defocused (2-5 pm diameter) for beam sensitive phases, such as
hydrous phases and carbonates. Applicable mineral and oxide standards
were calibrated prior to analysis and matrix corrections were imple-
mented via the PAP method (Pouchou and Pichoir, 1984). EPMA data
obtained provided internal standardization for laser ablation
inductively-coupled-plasma mass spectrometer (LA-ICP-MS) thallium
concentration analysis, with Si, Fe, and Ca being used as internal stan-
dards for silicates, sulfides and oxides, and carbonates, respectively (see
Supplementary material for EPMA data). LA-ICP-MS analyses were
conducted with a Teledyne-CETAC LSX-213 G2 Nd:YAG laser coupled to
an Agilent 7900 ICP-MS in the Core Research Facility at the University of
Massachusetts Lowell (see Supplementary material for laser parame-
ters). A minimum of five LA-ICP-MS measurements were taken on
various grains for each mineral of interest within each thin section and
then averaged (Table 2). NIST-610 glass was used as a primary external
standard while NIST-612 and USGS BHVO-2G were used as secondary
standards. NIST-612 and USGS BHVO-2G glasses were both consistent
with reported literature values, 14.6 + 0.9 pg/g and 0.016 + 0.003 pg/g,
respectively (Nielsen and Lee, 2013).

3.4. Whole-rock thallium separation and isotope composition
measurements

Thallium column chromatographic separation and isotope analyses
were conducted in the National High Magnetic Field Laboratory at
Florida State University with TI isotope analyses being performed on a
Neptune MC-ICP-MS with an Aridus II desolvating nebulizer. Purifica-
tion of Tl was achieved from a two-column procedure described in detail
by Baker et al. (2009), Nielsen et al. (2004), and Rehkamper and Hal-
liday (1999). Samples in this study had a high Pb:TI ratio and therefore
required three-column passes for Tl purification, one large-volume col-
umn pass followed by two small-volume column passes. Purified Tl
separates were spiked with NIST 981 Pb to monitor for internal mass
bias. Additionally, this also allowed for the determination of Tl con-
centrations during isotopic analysis given the yield of the Tl column
chemistry is near 100% (Owens et al., 2017; Prytulak et al., 2013).
Thallium isotope analyses utilized standard-sample bracketing with a
mixed NIST 997-NIST 981 standard solution as well as mass bias
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Fig. 2. A.) Whole rock Tl concentration results for each sampling locality
within the Schistes Lustrés region, presented in order of increasing meta-
morphic grade. Individual samples are shown with an X with the error bars
representing 2c, which denotes the instrumental uncertainty of 10%. Average
values for each metamorphic range are denoted with a square. Error bars for
average values are not included here as 20 (the standard deviation between all
samples averaged) is nearly the entire range of concentrations shown for each
metamorphic grade. B.) Whole rock £2°°TI results for each sampling locality
within the Schistes Lustrés region, presented in order of increasing meta-
morphic grade. Individual samples are denoted with an X with the error bars
representing 2, which denotes the variability between three runs of a single
sample. Average values for each metamorphic range are denoted with a dia-
mond with the error bars representing 20, the standard deviation between all
samples averaged.

correction of the measured 2°°T1/2°%T] isotope ratios relative to the
added NIST 981 Pb. Thallium isotope compositions are reported relative
to NIST 997 (8205T1 = 0). Analyses of USGS reference materials BHVO-2,
BCR-2, and NOD-A-1 yielded mean £2°°T1 values of —1.43 + 0.3 (n = 4),
—2.24+ 0.3 (n=6), and + 11.2 + 0.3 (n = 3), respectively, which are
consistent with reported literature values (Brett et al., 2018; Nielsen
et al., 2017b; Prytulak et al., 2013). Blanks were below detection limit
for both Tl and Pb. The errors here, and for all reported samples,
represent two standard deviations of replicate analyses, with the total
number (n) of analyses denoted following each mean £205T1 value.

4. Results
4.1. Whole-rock thallium concentrations

Thallium concentrations vary slightly as a function of metamorphic
grade. The values collected on both the quadrupole ICP-MS and the MC-
ICP-MS are in good agreement with each other, generally within
10-15% difference on average (Fig. 2A, Table 1), which is the error on
the MC-ICP-MS. Henceforth, unless otherwise noted, any [T1] referenced
within the text or figures will refer to data obtained through MC-ICP-MS
methods. Overall, [Tl] ranged from 400 to 1520 ng/g, with [TIl]
remaining roughly constant during metamorphism (Fraiteve (unit A):
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[Tl]avg = 910 ng/g, Assietta (unit B): [Tl].vg = 840 ng/g, Albergian (unit
O): [Tl]ayg = 590 ng/g, Finestre (unit D): [Tl]avg = 950 ng/g, and Cig-
nana (unit E): [Tl].yg = 1040 ng/g). Overall, there are slight variations
in [T1] across the metamorphic grades, however, these are small and
one-way analysis of variance (ANOVA) determined there was no sta-
tistically significant difference between them [F(4,12) = 0.474; p =
0.75].

4.2. In situ mineralogical thallium concentrations via LA-ICP-MS

There are distinct mineralogical trends in Tl distribution, with
phengite and chlorite being the predominant Tl hosts (Table 2) and only
minor Tl associated with minor accessory phases such as rutile, trace
sulfides, and minor oxides (these were excluded from Table 2 given their
low abundance and [T1]). During prograde metamorphism, the distri-
bution of phengite present systematically increases, from ~20% of the
bulk rock composition (based on point counting) to greater than 30%.
This shift toward the larger volumetric abundance of phengite is related
to the evolving net volume of the non-phengite portion of the rock and is
not a direct increase in the modal abundance of phengite. In other
words, there is no new influx of phengite components and, instead,
previously stable minerals break down and evolve into new, less volu-
metric mineral phases (Bebout et al., 2013). This results in an overall
increase in phengite volume without the formation of any new phengite
material. Chlorite, on the other hand, decreases from ~13% of the bulk
rock composition at the lowest metamorphic grade to less than 5% at the
highest metamorphic grade. Previous work (Cook-Kollars et al., 2014)
indicates chlorite present at the three highest grades of metamorphism is
retrograde and would otherwise be unstable under these conditions.
Much of the variation in chlorite abundance among these samples is
related to bulk compositional differences, with chlorite being more
abundant in metapelite samples with lower abundances of carbonates.

Thallium enrichment within these mineralogical components follows
the same trend: phengite [T1] increases during prograde metamorphism,
rising from 1.2 + 1.0 pg/g (avg, n = 5) at the lowest metamorphic grade
to 2.8 + 0.3 pg/g (avg, n = 18, from three thin sections) at the highest
metamorphic grade. There was a statistically significant difference of
[Tl pheng,avg between metamorphic grades as determined by ANOVA [F
(4,49) = 11.374; p = 1.32E-06]. Post hoc comparisons between treat-
ment types using the Tukey HSD test indicated that the mean values for
[T1]phengsavg Of the two lowest metamorphic grades differed significantly
from [Tl]pheng,avg Of the highest metamorphic grade at p < 0.05. Chlorite
[T1] drops from 0.46 + 1.0 pg/g (avg, n = 11) to 0.02 + 0.03 pg/g (avg,
n = 10, from two thin sections) from the lowest grade rocks to the
highest grade rocks, respectively. Again, previous work indicates that
chlorite present in the three highest grades is almost certainly retrograde
in origin (Cook-Kollars et al., 2014). There was not a statistically sig-
nificant difference of [Tl]cni,avg between metamorphic grades as deter-
mined by ANOVA [F(3,31) = 2.009; p = 0.13]. Even with the chlorite
[T1] remaining statistically consistent across all metamorphic grades,
the contribution of chlorite TI to the overall Tl budget does decrease,
given the overall decrease in the modal abundance of chlorite during
prograde metamorphism.

4.3. Thallium isotope compositions

Thallium isotope compositions vary as a function of metamorphic
grade (Fig. 2B). Overall, £205T] values range from —3.8 (+ 0.3) to 0.0 (+
0.8), with £2°°Tl values remaining fairly consistent during the first three
stages of metamorphism (Fraiteve: (unit A) eZOSTlavg = -2.1 £ 1.3,
Assietta (unit B): €Tl = —1.5 + 1.7, and Albergian (unit C):
SZOSTlan = —1.9 + 0.8) and then systematically shifting to more nega-
tive values during further stages of metamorphism (Finestre (unit D):
3205Tlavg = —2.4 £ 1.0, and Cignana (unit E): »3205T1avg = —-3.5+ 0.6).
There was a statistically significant difference of ¢2°°T1 compositions
between metamorphic grades as determined by ANOVA [F(4,12) =
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of samples.

4.639; p = 0.02]. Post hoc comparisons between treatment types using
the Tukey HSD test indicated that the mean values for 2°°Tl for the
second metamorphic grade (Assietta) differed significantly from those
for the final metamorphic grade (Cignana) at p < 0.05. The mean £2°°TI
values for the first metamorphic grade (Fraiteve) also differed signifi-
cantly from those of the final metamorphic grade (Cignana), but at p <
0.1 (p = 0.08).

5. Discussion
5.1. Thallium concentration systematics

Thallium has previously been shown to be fluid-mobile (Baker et al.,
2010; Nielsen et al., 2015; Shaw, 1952); thus, it would be expected that
during prograde slab dehydration Tl would be lost to the resulting fluid.
However, the results for the Schistes Lustrés display little or no net
change (gain or loss) of Tl during systematic, prograde metamorphism,
including during slab dehydration at high metamorphic grades
(Fig. 2A). Instead, we assert that Tl is concentrated in phengite at higher
metamorphic grades, where it can be retained at least to depths
approaching those beneath volcanic fronts (as shallow as 70-80 km)
(Syracuse and Abers, 2006). This signifies that Tl inherited from the
original subduction package is relatively immobile and can largely be
passed from slab to arc magmas. However, experimental work on the
stability of phengite demonstrates it may be stable well beyond the
depths of melt generation, anywhere from 180 to 240 km in warmer
subduction zones and up to depths exceeding 360 km in cool, mature
subduction zones, such as at Schistes Lustrés (Domanik and Holloway,
1996). Therefore, it is uncertain whether the Tl in the original subduc-
tion package is efficiently transferred to arc magmas.

Rather than regional-scale processes affecting T1 mobility, mineral-
ogical variations, namely the presence of sheet silicates such as phengite
and to a lesser extent chlorite, may dictate degrees of Tl retention or
liberation during subduction metamorphism. This behavior has been
found in various HPLT terranes (Shu et al., 2019) and previous studies of
arc lavas (Nielsen et al., 2016, 2017b; Prytulak et al., 2013). Rader et al.
(2018) demonstrated the near-ubiquity of Tl enrichment in sheet sili-
cates as compared to coexisting framework silicates and sulfides and the
influence the presence of K' has on the mineralogical Tl enrichment. In
the Schistes Lustrés, the same relationship is observed, with whole rock
[T1] positively correlating with whole-rock concentrations of K, Cs, and
Rb (Fig. 3) and thus linked to the abundance of phengite (Hermann and
Rubatto, 2009; Shu et al., 2019). While there is no overall net loss or
gain of Tl during subduction for these samples (Fig. 2A), there is a noted
shift in mineralogical abundance, with chlorite no longer stable during
the dehydration stages of metamorphism and the modal abundance of
phengite remaining constant. A very small increase in the volumetric
abundance of phengite with increasing grade, in the calculations by
Bebout et al. (2013) and Cook-Kollars et al. (2014), is related to a change
in the molar volume of the non-phengite portion of the rock and does not
reflect an increase in the abundance of phengite (see Section 5.2.1. for
additional discussion of phengite stability). At the higher grades, ele-
ments such as Li and Tl become more concentrated in phengite as they
are released during chlorite breakdown (for Li, see the discussion in
Bebout et al., 2013).

Using the modal abundances gained from point counting along with
chlorite and phengite Tl concentrations (see Table 2), whole-rock [T1]
can be reproduced (Table 1), within error (£15%), for the final two
grades of metamorphism. However, there is a noted disagreement be-
tween the measured whole-rock [TI] and the mass-balance calculated
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Fig. 4. Assessment of element mobility and crystallographic controls on fluid-
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of the slab (see Bebout et al., 2013). No loss compared to KO signifies a strong
phengite control on elemental immobility, as shown for Tl and Rb. Elements
that decrease with increasing grade, and particularly during dehydration, such
as Ba, Li, and Cs, likely have another mineralogical reservoir.

whole-rock [T1] from phengite and chlorite modal abundances for the
first three stages of metamorphism. At lower grades of metamorphism,
there may be additional, minor mineralogical hosts of Tl that never-
theless impact the whole rock Tl abundance, such as minor sulfides,
other sheet silicates like stilpnomelane, or minor oxides, that should be
further characterized for variations in [T1] as well as £2°°Tl composi-
tions. Indeed, sulfides, oxides, carbonates, and other sheet silicates are
present at lower grades. However, they were either not captured during
point counting or had such a low overall abundance (as determined by
point counting) and/or [T1] (as determined by LA-ICP-MS) that they did
not contribute significantly during our calculations. This disagreement
between calculated and measured WR [T1] at lower grades of meta-
morphism highlights the need for further studies which can attempt to
measure mineralogical variations more accurately, including T1 isotopic
compositions. Some of the overall Tl variability within each grade likely
reflects compositional differences as individual samples from each
metamorphic unit contain varying levels of Tl-bearing minerals, such as
phengite and chlorite. This gives a more accurate overview of the
metamorphic unit as a whole, but may result in larger disagreement
between individual samples.

Overall, progressive breakdown of chlorite during subduction likely
released Tl that was then incorporated into newly recrystallized phen-
gite during more progressive stages of metamorphism, as noted by the
consistent behavior of Tl when normalized to K;O across all meta-
morphic grades (Fig. 4) (Barnes et al., 2019; Bebout et al., 2013; Pen-
niston-Dorland et al., 2012). Ratios of the “fluid-mobile” elements such
as Ba, Cs, Li, and Tl to the concentrations of K;O serve to normalize
chemical heterogeneities among whole rock samples, particularly with
respect to phengite as it is the dominant K-phase. Concentrations of Ba,
Cs, and Li show a slight decrease during progressive metamorphism (see
the normalization to KoO in Fig. 4). In addition to possible loss to fluids,
this could arise from the fact that these elements have additional po-
tential hosts at both low and high metamorphic grades allowing for
greater mineralogical variation during prograde metamorphism. For
example, at lower grades, Li may be able to substitute both within the 8-
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fold coordination environment of the Mg—Fe carpholite structure and
the 6-coordinated position of Fe and Mg within the chlorite structure
(Mpe2t = 0.92 A, VI'Mg?" = 0.89 A, VIILi* = 0.92 A; VIFe?" = 0.61 A,
VIMg?t = 0.72 A, VILiT = 0.76 A) and ultimately be transferred into the
dehydrating fluid (Shannon, 1976). At higher metamorphic grades,
paragonite may be a potential additional host for Ba, whereas the
smaller 6-coordinated position of Na within paragonite is not suitable
for Tl substitution (Y'Na* = 1.02 A, VIBa®>* = 1.35 A, VI'TI* = 1.50 A)
(Shannon, 1976).

Although previous studies have found that sulfides may be a domi-
nant Tl host during mantle melting (Coggon et al., 2014; Kiseeva and
Wood, 2013; Nielsen et al., 2014), there is no correlation observed here
between Tl and Cu (Fig. 3) or Tl and Fe (not shown), indicating sulfides
are unlikely to be a significant contributor to the overall T1 budget in this
subduction terrane. This is in agreement with previous mineralogical
work (Rader et al., 2018) and more general results from subducted
oceanic crust (Shu et al., 2019) and points to phengite being the pre-
dominant mineralogical host for Tl in the Schistes Lustrés.

5.2. Causes for distinct shifts in thallium isotope compositions

The consistency of [T1] coupled with the varying ¢2°>T] compositions
during prograde metamorphism suggest a predominantly internal
mechanism responsible for Tl isotope fractionation, particularly during
dehydration throughout higher grades of metamorphism. During the
final three stages of metamorphism, the ¢2°°T1 compositions in the
Schistes Lustrés are progressively shifted to lower values (Fig. 2B).
Recent studies have revealed that small additions of Mn-rich pelagic
clays or AOC may significantly affect the Tl budget of arc materials
(Nielsen et al., 2016, 2017b; Prytulak et al., 2013); however, both of
these processes would result in more significant [T1] variation or more
extreme fluctuations in €2°°T1 compositions than observed here (Fig. 5).

Pelagic sediments that have been shown to cause significant varia-
tions in the T1 budget of arc materials are Mn-rich (Nielsen et al., 2017b).
The strong enrichment of Mn in pelagic clays causes local oxidation of
TI* to TI*3, resulting in significantly higher £2°°T1 compositions, with
8205Tlavg = 43 to +5 (Prytulak et al., 2013; Rehkamper et al., 2004).
Therefore, any addition of Mn-rich pelagic sediments would shift 20°T1
compositions to more positive values, not negative values as observed in
the Schistes Lustrés. Additionally, the rocks in the Schistes Lustrés are
generally Mn-poor (Table 1).

The shift to more negative ¢2°°TI values during devolatilization may
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result from buffering of Tl by fluids released from underlying AOC.
Minor Tl could be lost from the slab with increasing metamorphic grade,
but the loss of Tl from the slab could be roughly matched with an
equivalent addition of Tl from the fluid flux of the underlying oceanic
crust. This could result in a relatively consistent [Tl] across meta-
morphic grades, but a noted change in ¢2°°Tl, if the underlying oceanic
crust had a significantly different ¢2°°T1 signature compared with the
subducting pelitic material. According to mass balance and an average
£295T] = —7.2 and [T1] = 100 ng/g for AOC (Nielsen et al., 2017b), the
total incorporation of ~27% of AOC-derived Tl would be required to
account for the shift in ¢2°°T1 compositions observed here between the
first and final stages of metamorphism. However, this large volume of
AOC required would also result in a significant overall decrease in [T1],
on the order of several hundred ng/g lower than the observed values in
the Schistes Lustrés, given that AOC Tl concentrations are nearly an
order of magnitude lower than what we observe here (Figs. 2 and 5)
(Nielsen et al., 2017b; Shu et al., 2017). This suggests that fluid buffering
from AOC is unlikely to be responsible for the observed Tl systematics
here. Additionally, it is expected that fluids released from AOC would
result in a high Ba/Th ratio in phengite-bearing metamorphic rocks and
a lower Ce/TI ratio that correlates to lower isotopic compositions as
more AOC-derived fluid is added. However, we do not observe these
trends, with Ba/Th ratios being more than an order of magnitude lower
than expected (Shu et al., 2019) and there being no correlation between
Ce/Tl ratios and £2°°Tl values at Schistes Lustrés.

Rather than AOC acting as the buffer, similar to B in the Lago di
Cignana complex (Halama et al., 2020), it is possible the variation in
€205T1 during later stages of metamorphism is a result of fluid-rock
interaction from an influx of overprinting serpentinite-derived fluid.
However, this is also unlikely as serpentinite samples from the Mariana
forearc all display much higher £2°°T1 values, with £2°°TI > —0.5
(Nielsen et al., 2015). Any incorporation of such a fluid would result in a
shift toward more positive ¢2°>T] compositions, not negative 2°°T1
compositions as observed here, and a significant decrease in the whole
rock [T1] (Fig. 5). Furthermore, there is no statistical variation of [T1] or
any correlation between [T1] and £295T] as is observed for B and modeled
via retrograde fluid-rock equilibration. Buffering of the slab from an
externally-derived or metamorphic fluid should not be entirely ruled
out. But, for buffering of this sort to have occurred, a fluid of similar Tl
enrichment but with notably lower Tl isotopic composition is required,
which has not been identified as yet.

Given their similar geochemical behavior in the Schistes Lustrés, the
T1 isotopic composition may have the same controlling mechanism as
that of Li isotopes. In the Schistes Lustrés, Li concentrations remain
fairly consistent across metamorphic grades, but with a noted shift in Li
isotopic compositions (Barnes et al., 2019). This was initially inferred to
be the result of fluid-mineral partitioning, however it was anticipated
that if fluid-mineral partitioning was responsible for the observed iso-
topic effects of Li, it would behave similarly to Tl, with the heavier Li
isotope preferentially moving into the fluid phase, leaving the resulting
rocks with much lower Li isotopic compositions after dehydration. The
behavior of Li isotopes in relation to metamorphic grade is the opposite
of that predicted. Rather than becoming more negative with increasing
grade, Li isotope compositions become increasingly more positive with
increasing grade (Barnes et al., 2019). Given this conflicting behavior,
the observed fractionation in Li isotopes was inferred to be a result of
differential weathering of the protolith, or the chemical index of alter-
ation (CIA). This means that the Li isotopic composition of the original
sediment inherited from surface weathering remains intact throughout
subduction. However, the correlation between CIA and £2°°T] compo-
sitions is not statistically significant at the 95% confidence interval (p =
0.1), making this association more difficult to infer or confirm for the Tl
system (see Supplementary material). Nevertheless, some of the vari-
ability observed here may be an indicator of original protlith composi-
tion variability, without the influence of surface weathering.

There is a noted degree of isotopic variability within each
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metamorphic unit, particularly at lower grades, which may reflect
sample composition heterogeneity and may also explain the mismatch
between calculated and measured whole rock [Tl]. Given that the T1
systematics of this region seem to be controlled by such a small number
of mineralogical hosts, primarily phengite and chlorite, then it would be
expected that inherited compositional variability influencing whole rock
Tl isotopic compositions would also be prevalent within the Tl concen-
tration values for each grade. While there is overall [T1] variability
within grades, the consistency and lack of any statistically significant
changes in average Tl concentrations across grades (see Section 4.1.)
seems to preclude this behavior. Additional, mineral-specific work is
required to better quantify any effect inherited protolith heterogeneity
may have on whole rock TI values.

5.2.1. Fluid-mineral Tl isotopic fractionation

The small, but resolvable and significant negative shift in €
compositions during prograde metamorphism in the Schistes Lustrés
may be controlled by fluid-mineral partitioning induced by mineralog-
ical variations coupled with fluid fluxing during slab dehydration. The
observed shift in £2°°T1 values corresponds with significant dehydration,
on the order of ~20% total fluid loss, during prograde metamorphism in
the approximate temperature range of 450-550 °C (Bebout et al., 2013;
Cook-Kollars et al., 2014). This fluid fluxing is primarily attributed to the
breakdown of chlorite (and to a lesser extent carpholite and lawsonite)
at high T (Bebout et al., 2013; Cook-Kollars et al., 2014). The minor
amount of chlorite that is present in later stages of metamorphism
(grades 3-5) appears to be retrograde (Cook-Kollars et al., 2014), thus
not reflective of original, equilibrium conditions.

Simultaneous to the chlorite breakdown, the net modal proportion of
phengite systematically increases; however, this increase is not accom-
panied by an increase in either K20 or [T1] (Table 1). These consistencies
indicate the fluxing of the devolatilization fluid was not a contributing
mechanism in supplying additional material for the formation of phen-
gite, as was observed for subducted low-T AOC at Tien Shan (Shu et al.,
2019). Instead, Tl was redistributed among recrystallized phengite that
was evolving in major and trace element compositions as prior Tl hosts,
such as chlorite and other mineral constituents became unstable. This
redistribution of trace elements among shifting mineralogy during
subduction dehydration may have led to a small, but discernible, equi-
librium isotopic fractionation of Tl between the recrystallized mineral-
ogical phases and the fluid, assuming a minor amount of chlorite-borne
Tl was lost to the fluxing metamorphic fluid. There are likely additional,
minor Tl hosts that may have also lost a small amount of TI to the fluid
phase, particularly considering that whole-rock [Tl] cannot be repro-
duced from phengite and chlorite mineralogical data for the first three
grades of metamorphism (see Section 5.1.).

The degree of isotopic fractionation would then become a function of
coordination number, with the lower coordination number leading to a
preference for the heavier Tl isotope (?%5T1). Within the chlorite struc-
ture, Tl is presumed to substitute in the 6-coordinated position of Fe, Mg,
and/or Mn (V'TI* = 1.50 A, V'Fe?" = 0.61 A, VIMg?* = 0.72 A, ViMn?* =
0.67 A), while within phengite, Tl is presumed to substitute in the much
larger, 12-coordinated K site within the interlayer structure (X!T1" =
1.70 f\, Xlg+ — 1.64 A) (Shannon, 1976). Of note, there is significant Mn
present within the chlorite at lower grades in the Schistes Lustrés, which
could result in a non-insignificant accumulation of the heavier Tl isotope
given the distinct effect of Mn on shifting Tl isotope compositions to
more positive values (Fig. 2B): Mn-rich sediments have recorded the
heaviest Tl isotopic compositions currently measured, given the ability
of Mn-oxides to adsorb and oxidize TI at their surface (Nielsen and Lee,
2013; Nielsen et al., 2017a, 2017b; Peacock and Moon, 2012). This re-
sults in the sorbed Tl becoming enriched in 2°°T1 and induces isotopic
fractionation, resulting in more positive £2°°T1 values. Mn-rich sheet
silicates have been shown to demonstrate similar behavior, with Mn-
bearing muscovite having significantly higher £2°°T1 values than other
sheet silicates (Rader et al., 2018). This heavier signature would

205Tl
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presumably be lost to the fluid phase during slab dehydration given the
similar bonding environments between T1 in chlorite and the solution: Tl
is assumed to be in 6-fold coordination in fluids, although there is
limited experimental or other evidence to support this claim (Lincoln
et al., 2003). Thus, 2°°T1 should preferentially partition into aqueous
fluids relative to phengite, resulting in more positive ¢2°°TI values for
the fluid, causing more negative ¢2°>T1 values remaining in the phengite-
bearing rocks. If we assume 20% fluid loss during dehydration (Bebout
et al., 2013), that the Tl isotopic composition of the final metamorphic
stage is representative of the remaining 80% of the Tl reservoir
(8205T1Cigmma = —3.5), and utilize a mass balance equation, we can es-
timate the composition of the fluid lost, 8205Tlﬂuid. With an overall
decrease of 1.4 £2°°T1 for the whole rock samples (from 2% Tlgrmiteve =
-2.1 to ezosqugnana = —3.5), our calculated 8205Tlﬂuid = +3.5. With

SZOSTlﬂuid = +3.5 and 8205Tlcigmma = —3.5, we can then calculate the
. . €% Tlgy14+10,000
fractionation factor between the two, where agg/rock = T, 110,000

This results in a positive TI fluid with a fractionation factor of ofyid/rock
= 1.0007. Using this information, we can model this fluid-mineral
partitioning process via Rayleigh distillation. In doing so, ~10% of the
total Tl being lost to the fluid results in the €295T], e values observed
here between grade A and grade E, which would also maintain a [Tl1]
within analytical uncertainty of the values measured in the Schistes
Lustrés (Table 1). While this modeling approach isn’t ideal, given the
limited data available on fluid mineral partitioning at P and T con-
straints applicable here for the Schistes Lustrés for comparison, this in-
dicates as a first-pass approximation that dehydration-induced mineral
destabilization and growth during subduction metamorphism may be
able to alter bulk rock €2°°Tl compositions without significantly
affecting the bulk rock [T1]; the extent of partitioning some Tl to a fluid
phase may not be enough to significantly affect the overall [T1] signature
but may result in a noticeable isotopic effect, as observed here.

These findings seem to be at odds with recently published work from
subducted oceanic crust from five distinct localities (Shu et al., 2019),
which found [T1] and Tl isotope compositions decoupled, with the
implication that phengite did not lead to a fractionation of Tl isotopes.
However, there are several distinct differences between those localities
and Schistes Lustrés, namely protolith composition, systematics of
metamorphism, and overprinting processes. Shu et al. (2019) focused on
metabasites as opposed to metapelites in the Schistes Lustrés, which
would inherently lead to differences in protolith between the two
studies. Furthermore, many of the systems from Shu et al. (2019) also
experienced additional coeval or subsequent processes such as low T
alteration prior to subduction at Tian Shan, mechanical mixing resulting
in blocks within mélange material at Syros, and metamorphic fluid
infiltration at Zambia, which may have overprinted or influenced initial
Tl compositions. Samples from Schistes Lustrés indicate subduction zone
devolatilization was the only process in effect during subduction and
exhumation. Schistes Lustrés samples effectively provide a snapshot of
Tl behavior at multiple stages along the same subduction path, which
allows for tracking changes in Tl imposed by cool end-member sub-
duction zone conditions in a relatively straightforward manner. As such,
rather than being at odds with one another, the data presented here and
those from Shu et al. (2019) are instead complementary, reflecting Tl
behavior in a variety of metamorphic subduction settings for the first
time. This indicates the diversity of Tl behavior depending on individual
subduction zone mechanisms suggesting heterogeneous response in
various subduction zone settings.

6. Conclusions

Thallium appears to be relatively immobile in the Schistes Lustrés
and can be retained to depths approaching those beneath volcanic
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Fig. 6. Schematic showing a generic subduction zone cross section with asso-
ciated Tl concentration and isotopic composition values at estimated depths
comparable to Schistes Lustrés samples (modified from Barnes et al., 2019). The
Tl concentration and isotopic composition data at a given depth are based on
the average concentration and isotopic composition values of the samples from
that specific grade (see Table 1). Significant slab dehydration (~20%) occurs
between grades C and D and continues into grade E (see Bebout et al., 2013),
which is concurrent with shifts to lower £2°°Tl values. Grades are as follows: A
= Fraiteve; B = Assietta; C = Albergian; D = Finestre; E = Lago di Cignana. Two
prevalent Tl reservoirs are also shown here: Fe—Mn crusts from pelagic sedi-
ments and low-temperature altered oceanic crust (AOC) with their accompa-
nying Tl concentration and isotopic data for reference (see Nielsen et al., 2017a,
2017b; Shu et al., 2019).

fronts, possibly beyond, during subduction processes. Therefore, Tl
should be largely available for introduction into the subarc mantle
wedge, at least in environments without any additional complicating
factors. The availability of Tl is primarily controlled by sheet silicate
phases, namely phengite and to a lesser extent chlorite, as has been
predicted for other types of subduction zones (Nielsen et al., 2017b; Shu
et al., 2019).

While simple processes such as forearc devolatilization do not appear
to affect T1 concentrations during prograde metamorphism, elemental
redistribution induced by mineral destabilization and the formation of a
fluid phase during dehydration does appear to alter Tl isotope compo-
sitions for higher metamorphic grades (Fig. 6). During dehydration,
there may be a small degree of fractionation between mineral and fluid
as chlorite and other, minor Tl-bearing mineral components are desta-
bilized and new phengite recrystallizes and evolves in its major and
trace element compositions. The fluid fractionation incurred from this
process could significantly impact the bulk rock Tl isotopic composition
to the point that arc lavas may reflect variations in environment, pro-
tolith, or process as opposed to the initial composition of the subducting
material. It should be noted that an influx and buffering of an external,
metamorphic fluid cannot be entirely ruled out as the mechanism for Tl
isotopic fractionation in the Schistes Lustrés, however, a fluid of the
required composition has not been identified heretofore. As such, it is
important to constrain the systematic controls on Tl behavior at a range
of scales related to subduction metamorphism to better understand the
utility of using such a system for large scale recycling of Earth’s crust.
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