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Tracing Recycled Crustal Materials in the Subcontinental
Lithospheric Mantle Using Thallium Isotopes
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Abstract Here we report the first set of thallium (T1) isotope data in alkaline rocks from the North China
Craton to constrain the nature of recycled materials in the metasomatized subcontinental lithospheric mantle.
Samples from the Hekanzi and Saima alkaline complexes display T1 isotope compositions (£2°°T1) identical

to the present-day upper mantle and continental crust, suggesting that neither the recycled low-temperature
altered oceanic crust nor the pelagic sediments were involved in their sources. The volcanic rocks from the
Liaodong-Jinan region, whose source was previously proposed to contain recycled low-temperature altered
oceanic crust, also display modern mantle-like Tl isotope composition, suggesting a significant Tl-loss in

the recycled oceanic crust during the subduction due to the dehydration process. Our Tl isotope data provide
complementary constraints to the Sr-Nd-Hf-O isotopes on the nature of metasomatic agent in the subcontinental
lithospheric mantle.

Plain Language Summary Recycling of crustal materials into Earth's mantle by subduction
causes mantle heterogeneities. The sources of some alkaline rocks contain recycled crustal materials. Pelagic
sediments, low-temperature altered oceanic crust, and continental crust have sharp differences in thallium
isotope compositions. Combined with Sr-Nd-Hf-O isotopes, whole-rock TI isotopes place a better constraint on
the metasomatic sources.

1. Introduction

According to the crust-mantle differentiation theory, the subcontinental lithospheric mantle (SCLM) should
be depleted in incompatible elements because of the crust-forming melt extraction (Jordan, 1978). However,
the SCLM can be subsequently metasomatized by the melts and/or fluids (metasomatic agents) and therefore
re-enriched in fusible elements. Metasomatism in SCLM can lead to lithospheric thinning coupled with a series
of surface responses (e.g., intraplate magmatism, tectonism, and mineralization) and occasionally trigger craton
destruction (e.g., Foley, 2008; Gao et al., 2004; Wu et al., 2019; Xu, 2001; Zhu et al., 2017). The metasomatic
agents are likely derived from the underlying asthenosphere mantle, or subducted oceanic crust with pelagic
sediments, or recycled continental crust (e.g., Coltorti et al., 2000; Prouteau et al., 2001; Tappe et al., 2013; Y. F.
Zheng, 2012; Zhu et al., 2017). Identifying the exact source of metasomatic agents can build the linkages between
magmatism and tectonics, reveal the genetic mechanism in the deep mantle accounting for the surface responses,
and further reconstruct the geological history of studied areas.

Radiogenic Sr-Nd-Hf-Pb isotopes are commonly employed to trace the recycled crustal materials in the metaso-
matic agent. However, they are strongly affected by the residence time of the source components and elemental
fractionation during magma evolution (e.g., Nielsen et al., 2007; Prytulak et al., 2017). Stable isotopes have
the potential to avoid these disadvantages and record low-temperature processes that impart isotope fraction-
ation, thus providing complementary insights into the nature of the metasomatic agent. Thallium isotopes
(8205T1 — [(205T1/203T1)sample
materials and pelagic sediments in metasomatic agents, given the sharp contrasts in Tl abundance and isotope

/ST T st srv 007 — 11 X 10%) are a promising tool to discern recycled crustal

composition in pelagic sediments, low-temperature altered oceanic crust (low-T AOC), and the mantle. Specifi-
cally, Tl is significantly enriched in low-T AOC, pelagic sediments, and continental crust (~10-1000, >1000, and
~500 ng/g) compared with the mantle (~0.5 ng/g) (Nielsen et al., 2014; Nielsen, Rehkdmper, & Prytulak, 2017;
Rudnick & Gao, 2003). Low-T AOC and pelagic sediments document the most negative and positive £20°Tl
values (~—16 and ~+15), while the mantle value of €Tl is —2.0 + 0.5 (e.g., Nielsen, Rehkémper, Norman,
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et al., 2006; Nielsen, Rehkdmper, Teagle, et al., 2006; Rehkdmper et al., 2004). More importantly, T1 isotopes
appear only minorly affected by partial melting and fractional crystallization processes, which gives T1 isotopes
another advantage in their applications in mantle geochemistry (Aarons et al., 2021; Baker et al., 2010; Gaschnig
et al., 2021; Nielsen, Prytulak, et al., 2017; Nielsen, Rehkdmper, Norman, et al., 2006; Prytulak et al., 2017,
Rader et al., 2021). As a result, TI isotopes are being widely explored to trace recycled materials in subduction
zones (e.g., Nielsen et al., 2015, 2016; Nielsen, Prytulak, et al., 2017; Shu et al., 2017). Here, we measured
whole-rock £2%°T1 of Mesozoic alkaline rocks from three localities (Hekanzi, Saima, and Liaodong-Jinan) in the
North China Craton (NCC) to extend the application of T1 isotopes to trace the recycled crustal materials in the
metasomatized SCLM and improve the understanding of TI cycle of the Earth in the geological history.

2. Geological Setting

The NCC, the Chinese portion of the Sino-Korean Craton, is bounded to the north by the Central Asian Orogenic
Belt, and to the southwest and southeast by the Qinling-Dabie-Sulu Orogenic Belt (Wang & Mo, 1995) (Figure
S1 in Supporting Information S1). Cratonization of the NCC occurred at ~1.9 Ga through the assembly of the
eastern and western blocks (Zhao et al., 2005). The NCC was stable until the Mesozoic, during which it expe-
rienced extensive magmatism and strong tectonism, indicating craton destruction or decratonization (e.g., Wu
et al., 2019; Yang et al., 2008). The magmatism of the NCC over the Phanerozoic was controlled by three events:
(a) closure of the paleo-Asian Ocean (by the Xing'an Mongolian Orogenic Belt, the eastern part of the Central
Asian Orogenic Belt), (b) subduction of the paleo-Tethys and subsequent northward deep subduction of the Yang-
tze continental crust, and (c) subduction of the paleo-Pacific Ocean plate. The last event was the primary tectonic
trigger for the decratonization of the NCC (e.g., Wu et al., 2019; Yang et al., 2008, 2010).

Fifteen samples were analyzed in this study, including six syenites from the Triassic Hekanzi alkaline complex,
four syenites and one trachyte (09JH67) from the Triassic Saima alkaline complex, and three trachytes as well
as one trachyandesite (18JF44) from the Liaodong-Jinan (LJ) region. Zircon U-Pb dating yields emplacement
ages of 226-224 Ma, 230-224 Ma, and 129-124 Ma for the Hekanzi, Saima, and LJ samples, respectively (Feng
etal., 2020; Yang et al., 2012; Zhu et al., 2016). These rocks have been demonstrated to originate from low-degree
partial melting of enriched SCLM (Feng et al., 2020; Yang et al., 2012; Zhu et al., 2016). The zircon Hf-O isotope
data identified recycled high-temperature (high-T) AOC, continental crust, and low-T AOC in the mantle sources
of Hekanzi alkaline rocks, Saima alkaline rocks, and LJ volcanic rocks, respectively (Feng et al., 2020; Zhu
et al., 2017). These findings are consistent with the southward subduction of the paleo-Asian Ocean plate, the
northward subduction of the Yangtze continental crust, and the subduction of the paleo-Pacific Ocean plate in the
Mesozoic (Feng et al., 2020; Zhu et al., 2017).

3. Methods and Results

The sample digestion, chemical separation, and Tl isotope analyses were performed at the National High
Magnetic Field Laboratory, Florida State University (MagLab, FSU), following Nielsen et al. (2004). Thallium
isotopes were measured using the Thermo Finnigan Neptune multi-collector inductively coupled plasma mass
spectrometer (MC-ICPMS). Thallium concentrations were calculated from the 25T1/2%Pb ratios measured on the
MC-ICPMS due to the quantitative yields of Tl from the column chemistry procedure and the known quantity
of NIST SRM 981 Pb added to the samples. The USGS basalt powder BHVO-1, processed together with the
unknown samples, displayed an £295Tl value of —3.6 + 0.4 (2SD, N = 4) and a Tl concentration of 37.8 + 0.7 ng/g,
consistent with previous work (¢2°°T1 = —3.6 + 0.4; a Tl concentration of 37 ng/g; Nielsen et al., 2015; Nielsen,
Rehkdmper, & Prytulak, 2017; Shu et al., 2017, 2019). The long-term reproducibility of T isotope measurement
in leached silicate samples (SCo-1) is +0.3 € units (2SD) at FSU (Owens, 2019).

Whole-rock T1 concentrations in samples from Hekanzi, Saima, and LJ range from 480 to 743 ng/g, from 466 to
1674 ng/g, and from 124 to 352 ng/g, respectively (Table 1). Whole-rock £2%T1 values in samples from Hekanzi,
Saima, and LJ vary between —2.5 and —1.3, between —3.2 and —2.2, and between —2.6 and —0.8, respectively
(Table 1).
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Table 1
Whole-Rock Tl and Zircon Hf-O Isotopic Data for Alkaline Rocks in This Study
Whole-rock Whole-rock ~ Whole-rock Zircon Zircon §'80°
Sample Rock type Tl (ng/g) €Tl 2SD N Ce/TI*  (¥Sr/®Sr)? exa()? £ eq(0®  2SDP (%0) 2SDP
Hekanzi alkaline complex
05FW46  Pyroxene syenite 743 -13 04 3 164 0.70470 —4.7 -3.0 N.D. N.D. N.D. N.D.
05FWS50  Nepheline syenite 621 -2.1 04 3 138 0.70472 -5.8 -2.6 -1.3 1.2 44 0.8
05FW55 Syenite 615 -25 04 3 ND. 0.70449 -59 —-0.1 N.D. N.D. N.D. N.D.
05FW56 Syenite 522 -21 04 3 285 0.70446 —6.5 =15 N.D. N.D. N.D. N.D.
05FWS57 Syenite 562 -19 05 4 224 0.70444 -24 1.2 N.D. N.D. N.D. N.D.
05FW58 Syenite 480 -15 05 3 ND. 0.70455 -53 -0.4 N.D. N.D. N.D. N.D.
Saima alkaline complex
09JHS8 Pyroxene syenite 890 -32 04 3 303 0.70794 -12.7 -13.0 -12.5 1.0 8.0 0.6
09JH65  Amphibole syenite 1390 -31 04 3 256 0.70821 -11.8 —14.6 -13.0 1.4 7.4 0.5
09JH67 Trachyte 555 -24 04 3 537 0.70724 -12.6 -14.0 -123 1.4 6.7 0.4
09JH79  Nepheline syenite 466 -22 05 3 90 0.70829 -12.7 -12.0 -10.3 1.8 33 1.8
09JH81 Nepheline syenite 1674 -23 04 3 351 0.70825 —-12.2 -12.0 -9.8 1.7 4.8 1.6
Volcanic rocks in the Liaodong-Jinan (LJ) region
18JF10 Trachyte 232 -1.7 04 3 226 0.70705 —4.8 -0.9 -24 1.5 7.6 0.6
18JF21 Trachyte 124 -08 04 3 933 0.70672 -6.9 -84 -93 1.9 5.0 0.3
18JF24 Trachyte 318 -26 04 3 403 0.70765 —7.5 ) =92 1.8 5.4 0.7
18JF44 Trachyandesite 352 -1.8 04 3 142 0.70881 -0.5 3.7 3.0 1.9 8.6 0.5

*Whole-rock Ce concentrations and Sr-Nd-Hf isotope data for the Hekanzi, Saima, and LJ samples are from Yang et al. (2012), Zhu et al. (2016), and Feng et al. (2020),
respectively. "Zircon Hf-O isotope data for the Hekanzi and Saima samples are from Zhu et al. (2017); Zircon Hf-O isotope data for the LJ samples are from Feng

et al. (2020).

4. Discussion

Our whole-rock TI isotope compositions from all the measured samples are indistinguishable from the upper
mantle and continental crust except one sample (—0.8 + 0.4) from the volcanic rocks in the Liaodong-Jinan
region and two samples (—3.1 + 0.4 and —3.2 + 0.4) from the Saima alkaline rocks. Combined with whole-rock
radiogenic isotope data (Hf-Sr-Nd), we provide further constraints on the nature of recycled materials involved
in the metasomatic agents of SCLM.

To identify the recycled crustal material in the sources of alkaline rocks using whole-rock TI isotope data, it is
essential to first consider petrogenetic processes such as crustal assimilation and fractional crystallization that
can potentially affect Tl isotope signatures in the primary parental magma as observed for other whole-rock
elemental abundance and Sr-Nd isotopes. Previous work demonstrated that the Hekanzi nepheline-bearing
syenites were the result of crustal assimilation and fractional crystallization of a mafic magma derived from
an amphibole-clinopyroxene-rich lithospheric mantle via low degree partial melting (Yang et al., 2012). The
whole-rock Sr-Nd-Hf isotope data of these rocks define a binary mixing line between mafic magma and crustal
material, indicating the process of crustal contamination (Yang et al., 2012). The mafic magma derived from
SCLM has a relatively more positive &,,(t) value and lower initial 8’Sr/*Sr ratio (i.e., samples 05SFW55, 05SFW57,
and O5FW58 in Table 1) compared with those of the crustal materials, producing a negative correlation between
€,(t) and initial 87St/36Sr (Figure 1a). Due to the low degree partial melting in the petrogenesis of Hekanzi alka-
line rocks and the high incompatibility of Tl during partial melting, the Tl concentration contrast between the
mafic magma and the continental crust might be low. The primordial T1 isotope composition of the mafic compo-
nent derived from the SCLM is therefore unlikely to be entirely overprinted by the continental crust during the
crustal assimilation. Moreover, partial melting and fractional crystallization only impart minor Tl isotope frac-
tionation (Baker et al., 2010; Gaschnig et al., 2021; Nielsen, Prytulak, et al., 2017; Nielsen, Rehkédmper, Norman,
et al., 2006; Prytulak et al., 2017). Thus, the three samples (0SFWS55, 05SFW57, and 05FW58) least affected by
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Figure 1. Whole-rock &,(t) versus (a) the initial 8’Sr/%°Sr ratios and (b) the £2°5T1 values of the Hekanzi alkaline rocks. Error
bars represent 2SD. The whole-rock Hf and Sr isotope data are from Yang et al. (2012). The €?%°TI values of the upper mantle,
high-temperature altered oceanic crust, low-temperature altered oceanic crust, and pelagic sediments (shaded areas) are from
Nielsen, Rehkidmper, and Prytulak (2017). The eg,(t) values of the oceanic crust are calculated from Griffin et al. (2000).

The g,,(t) values of the pelagic sediments are from Vervoort et al. (2011). Superimposed on these fields are isotopic mixing
curves with dots along lines that link up end members at 10% intervals. The T1 /Tl values marked beside the curves are the
ratios of TI concentrations in mantle peridotite (m) to contaminants (c). The ratio of Hf concentration of the mantle peridotite
to contaminants (Hf, /Hf ) is 3 (Zhu et al., 2017).

crustal contamination (indicated by Hf-Sr isotope data) most likely have £295Tl values that represent the primary
parental magma of Hekanzi alkaline rocks.

The significantly higher whole-rock g,,(t) values (between —1.5 and + 1.2 for samples 05FW55, 05FW57, and
05FW58) in the Hekanzi samples relative to the ancient lithospheric mantle beneath the NCC (g (t) = =5, calcu-
lated at 225 Ma; J. P. Zheng, 1999; Zhu et al., 2017) indicate that the subducted oceanic crust or the melt derived
from the underlying asthenosphere mantle was likely involved in the source of Hekanzi alkaline rocks. Although
our whole-rock Tl isotope data of samples least affected by crustal contamination cannot tell exactly the nature of
the metasomatic agent, they can exclude the involvement of pelagic sediments and low-T AOC in the metasomatic
agent. Thallium isotopes are sensitive in tracing the low-T AOC and pelagic sediments that are relevant during
crustal recycling. Low-T AOC and pelagic sediments document the most negative and positive 2Tl values
(~—16 and ~ +15) due to the low-T hydrothermal alteration of oceanic crust and TI adsorption onto authigenic
Fe-Mn oxides in pelagic clays, respectively (e.g., Nielsen, Rehkdmper, Norman, et al., 2006; Nielsen, Rehkadmper,
& Prytulak, 2017; Nielsen, Rehkéimper, Teagle, et al., 2006; Rehkémper et al., 2004). The mantle-like £295Tl1
values in samples (05FW55, 05FW57, and 05FW58) that most likely represent the mafic magma component
therefore indicate that low-T AOC and pelagic sediments are unlikely to be important contributor of the Tl
in the metasomatic agents for the source of the Hekanzi alkaline rocks (Figure 1b). Zircon grains crystallized
from the alkaline magmas with low 880 (+3.8%¢ to +5.4%o¢) values in the Hekanzi alkaline rocks support
our interpretation because the low-T AOC and pelagic sediments are characterized by high 880 values (gener-
ally > +10%o) according to the oxygen isotope profile of altered, sediment-covered oceanic crust (Eiler, 2001;
Gregory & Taylor, 1981; Zhu et al., 2017). Our whole-rock TI isotope data provide complementary constraints to
the zircon Hf-O isotope data which suggested involvement of high-T AOC in the metasomatic agents of Hekanzi
alkaline rocks (Zhu et al., 2017).

Unlike the Hekanzi rocks, the Saima alkaline rocks were not significantly affected by crustal contamination.
These rocks have homogeneous whole-rock gy,(t) values (between —12.7 and —11.8) and g,(t) values (between
—14.6 and —12.0) (Figure 2a). The whole-rock &,,(t) values are identical to zircon eg(t) values in these samples
(Table 1). These geochemical signatures suggest that continental crust assimilation may not play an important
role in the petrogenesis of Saima rocks (Zhu et al., 2016, 2017). The whole-rock TI isotope compositions of
these rocks can therefore represent the compositions of their primary parental magma. The Saima alkaline rock
also have mantle-like Tl isotopic compositions, although two samples from the Saima alkaline rocks have £295Tl1
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Figure 2. Whole-rock 25T versus (a) whole-rock &y,(t) and (b) zircon
e(t) of the Saima alkaline rocks. The Nd and Hf isotope data are from Zhu
etal. (2016, 2017). Error bars for ¢205T1 and &,,(t) represent 2SD. The &;,(t)
value of the mantle source is —5 (Zhu et al., 2017). The gy(t) value of the
ancient continental contaminant is —25 (Yang et al., 2008; Zhu et al., 2017).
The £2%Tl values of the mantle source and contaminants (represented by
the lowest value in Saima alkaline sample) are —2 (Nielsen, Rehkdmper, &
Prytulak, 2017) and —3.2, respectively. Superimposed on these fields are
isotopic mixing curves with dots along lines that link up end members at 10%
intervals. The Tl /T1_ values marked beside the curves are the ratios of TI
concentrations in mantle peridotite (m) to contaminants (c). The ratio of Hf
concentration of the mantle peridotite to contaminants (Hf, /Hf,) is 2 (Zhu
etal., 2017).

values slightly lighter (—3.1 + 0.4 and —3.2 + 0.4) than the upper mantle
(=2.0 + 0.5). If we assume the slightly lighter £2%T1 values result from
involvement of recycled materials in the metasomatic agents, it should be
low-T AOC which has significantly lighter £2%Tl values (~—16) relative to
the upper mantle. However, considering the tiny difference in TI isotopic
compositions and large uncertainties in £23T1 values, the low-T AOC contri-
bution would be negligible or little. Additionally, the mantle-like €205Tl
values in the other three samples also support little contribution of low-T
AOC to the metasomatic agents for the source of Saima alkaline rocks. It is
also unlikely that pelagic sediments, which have significantly heavier £2%5Tl1
than the upper mantle, is involved in the metasomatic agents.

The highly unradiogenic Nd and Hf isotope compositions (low e,(t) and
g,(t) values) and the high zircon 830 values suggest that recycled ancient
continental crust is most likely involved in the source of Saima alkaline
rocks (Zhu et al., 2017). Figure 2b shows the variations of whole-rock £2°Tl
and zircon g (t) together with a binary mixing model between ancient lith-
ospheric mantle and ancient continental crust. A restricted range of €2%5TI
values (from —3.2 to —2.2) and no evident correlation between the whole-rock
£205T1 and zircon Hf isotope data indicate that the overlap of the Tl isotope
compositions for the upper mantle (¢2°T1 = —2.0 + 0.5) and continental crust
(2Tl = —2.0 + 1.0) makes Tl isotopes difficult to be used to trace the recy-
cled continental crust in the SCLM (Nielsen, Rehkédmper, & Prytulak, 2017).
However, we can at least conclude that low-T AOC or pelagic sediments
make little contribution to the source of Saima alkaline rocks.

All the Early Cretaceous LJ volcanic rocks have mantle-like €2°°T1 values
except the sample 18JF21 with a significantly heavier Tl isotopic composi-

tion of —0.8 + 0.4 (Figure 3a). Samples that have mantle-like zircon O isotope composition (18JF21 and 18JF24)
are believed to be derived from ancient lithospheric mantle (Feng et al., 2020; Valley et al., 1998). The 25Tl
value of 18JF24 is —2.6 + 0.4, indistinguishable from that of the upper mantle (—2.0 + 0.5; Nielsen, Rehkémper,
& Prytulak, 2017). In contrast, €2®T1 value in sample 18JF21 (—0.8 + 0.4) is significantly higher than the upper

0 0
magma
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1 +iegassmg -2 TETOEO
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= + * = 41 mantle
8 -2 1 | 3
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upper mantle
-3 e05TI=-2.0£ 0.5 _
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Figure 3. Whole-rock £2%T1 versus (a) the initial 8’Sr/*¢Sr ratios and (b)
zircon g(t) of the Liaodong-Jinan alkaline rocks. Error bars represent 2SD.
The whole-rock Sr isotope data and zircon Hf isotope data are from Feng

et al. (2020). The €2%Tl values of the upper mantle and low-temperature
altered oceanic crust (shaded areas) are from Nielsen, Rehkdmper, and
Prytulak (2017). The g,;(t) value of the upper mantle is from Feng

et al. (2020). The g (t) value of the low-temperature altered oceanic crust are
calculated from Griffin et al. (2000). Superimposed on these fields are isotopic
mixing curves with dots along lines that link up end members at 10% intervals.
The TI,/TI, values marked beside the curves are the ratios of Tl concentrations
in mantle peridotite (m) to contaminants (c). The ratio of Hf concentration of
the mantle peridotite to contaminants (Hf, /Hf,) is 2 (Feng et al., 2020).

mantle. A possible explanation for the high ¢2®TI value in sample 18JF21 is

the magma degassing that typically leads to significant loss of Tl as a vola-
tile component at high temperatures and preferential loss of light TI isotopes
(e.g., Nielsen et al., 2021). The high Ce/Tl ratio of 933 in 18JF21 due to pref-
erential loss of Tl relative to Ce during the magma degassing supports this
possibility. A Tl loss of ~57% for the sample 18JF21 through the degassing
under the natural gas convection could give the observed differences in £29°TI
values and Ce/T] ratios between samples 18JF24 and 18JF21 (see Figure S2
in the Supplementary information for details of the quantitative estimation of
Tl loss and T1 isotope shift during degassing).

Samples 18JF10 and18JF44 have zircon &80 values of +7.6 + 0.6%0 and
+8.6 + 0.5%0 and zircon g (t) values of —2.4 + 1.5 and +3.0 & 1.9, suggest-
ing that their source contains materials from recycled low-T AOC (Feng
et al., 2020). According to the binary mixing model in Feng et al. (2020),
the inferred average 8'80 value for the recycled material is most likely
higher than +10%o, which indicates that the recycled materials predomi-
nantly come from the portion above the sheeted dike complex of the oceanic
crust cross-section (i.e., pillow basalts and pelagic sediments) (Eiler, 2001;
Gregory & Taylor, 1981). The altered pillow basalt portion has €2°T1 values
from —2 to —16, while the pelagic sediment portion has positive 25Tl
values > +2 (Nielsen et al., 2016; Nielsen, Rehkdmper, Teagle, et al., 2006;
Rehkimper et al., 2004). However, samples 18JF10 and18JF44 have 25Tl
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values identical to the present-day upper mantle of —2. The mantle-like TI isotope compositions in these samples
therefore indicate that the source region of the Early Cretaceous LJ volcanics was not significantly affected by the
Tl from low-T AOC, inconsistent with the conclusion drawn from zircon Hf-O isotopes.

The discrepancy likely results from Tl-loss due to the dehydration process during subduction of the oceanic
crust. A mixing model of the upper mantle with low-T AOC (Figure 3b) suggests that the Tl /TI_ (i.e., ratio of T1
concentrations in mantle peridotite (m) to contaminants) that can produce the mantle-like £2°5T1 values in Samples
18JF10 and 18JF44 should be higher than ~10. The SCLM beneath the NCC experienced significant modifi-
cation in the Mesozoic due to the delamination and/or thermal erosion occurring in the Mesozoic and became
re-enriched, which might have increased the T1 /TI_ ratio in the source of the Early Cretaceous LJ volcanic rocks
(e.g., Foley, 2008; Gao et al., 2004; Xu, 2001; Yang et al., 2008; Zhang, 2005; Zhang et al., 2002, 2003). More
importantly, Tl is proposed to be fluid-mobile in arc settings (Noll et al., 1996). Nielsen et al. (2009) proposed
a significant Tl-loss, with an upper limit of 90%, could occur due to the dehydration process during the oceanic
crust subduction. Such a Tl-loss can also increase the Tl /TI_ ratio and dilute the fractionated Tl isotopic signature
from the low-T AOC in the metasomatic agents for the source of the Early Cretaceous LJ volcanic rocks. Thus, it
is likely that T1 loss during slab dehydration can lead to the insignificant effects of low-T AOC on the Tl isotopic
composition in the source of the LJ volcanic rocks.

5. Conclusions

In this study, we performed the first T isotope measurements in alkaline rocks to explore whether Tl isotopes
can effectively constrain the nature of metasomatic agents for the SCLM. Samples from the Hekanzi and Saima
alkaline complexes have TI isotope compositions identical to the modern upper mantle, suggesting that low-T
AOC and pelagic sediments are unlikely to be important components in the metasomatic agents for the sources
of the Hekanzi and Saima alkaline complexes. These findings reconcile with previous O-Nd-Hf isotope studies
and the tectonic context, that is, southward subduction of the paleo—Asian Ocean plate and northward subduc-
tion of the Yangtze continental crust beneath the NCC during the late Paleozoic to early Mesozoic. Most Early
Cretaceous LJ volcanic rocks have mantle-like €?®TI values. The combined O-Nd-Hf-T1 isotope data indicate
that the metasomatic agent for the source of LJ volcanics might originate from low-T AOC with an extremely
low TI concentration resulting from dehydration process during the oceanic crust subduction. Our Tl isotope data
provide complementary constrains to the Sr-Nd-Hf-O isotopes on the nature of metasomatic agent in the subcon-
tinental lithospheric mantle. However, characteristic Tl isotopic composition reflecting the presence of low-T
AOC and pelagic sediments in the metasomatic agents for the SCLM is still lacking. Much work is still required
to ascertain the TI cycle of the Earth and further make Tl isotopes a powerful tool to trace recycled materials in
the SCLM.

Data Availability Statement
Our data is available in Table 1 and online (http://doi.org/10.5281/zenodo.6059272).
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